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PREFACE 


RAMAC  II  is  the  second  in  a  series  of  workshops  on  the  topic  of  the  ram  accelerator,  a 
hypervelocity  projectile  launcher  concept  based  on  ramjet-in-tube  principles.  The  first  RAMAC 
workshop  was  held  in  September  1993  at  ISL,  the  French-German  Research  Institute  in  Saint-Louis, 
France,  and  its  success  prompted  the  organization  of  regular  biennial  meetings  among  researchers  in 
this  field.  The  selection  of  the  University  of  Washington  as  the  venue  for  the  present  workshop  is 
significant  in  that  it  is  the  site  of  the  first  operational  ram  accelerator  in  the  world.  Research  on  this 
technology  has  come  a  long  way  since  the  first,  pioneering  experimental  efforts  began  here  in  1985. 
The  widely  varied  applications  and  the  unique  phenomena  generated  by  the  ram  accelerator  soon 
stimulated  the  interest  of  researchers  around  the  world.  ISL  and  the  U.S.  Army  Ballistic  Research 
Laboratory  (now  the  Army  Research  Laboratory)  at  Aberdeen,  MD,  established  ram  accelerator 
facilities  in  1991.  Other  organizations  followed  suit,  particularly  in  Japan.  At  least  half  a  dozen 
facilities  are  expected  to  be  operational  this  summer.  Theoretical  and  computational  studies  have 
accompanied  these  experimental  efforts.  The  broad  range  of  expertise  that  investigators  have 
brought  to  ram  accelerator  research  during  the  past  decade  has  contributed  many  new  insights  on  the 
operating  characteristics  of  this  device. 


The  distinctive  reacting  flow  phenomena  that  have  been  observed  in  the  ram  accelerator  are  relevant 
to  the  aerothermodynamic  processes  of  proposed  airbreathing  hypersonic  propulsion  systems,  while 
the  inherent  scalability  of  the  device  offers  unique  opportunities  for  its  use  in  a  variety  of 
applications,  such  as  high  kinetic  energy  impact  studies,  tactical  and  long  range  defense,  hypersonic 
propulsion  research,  ballistic  range  development,  and  direct  launch  to  orbit. 


RAMAC  n  provides  a  forum  for  the  exchange  of  the  latest  ideas  and  developments  in  this  rapidly 
advancing  field.  The  Workshop  sessions  and  the  corresponding  papers  in  this  volume  of 
Proceedings  are  organized  around  the  following  topics: 


1)  Facilities 

2)  Experiments 

3)  Detonation  phenomena 

4)  Shock  and  expansion  tubes 


5)  Theoretical  considerations 

6)  Computational  modeling 

7)  Heat  transfer 

8)  Unique  concepts 


Participants  at  the  Workshop  include  researchers  from  all  the  existing  and  planned  ram  accelerator 
facilities  and  related  experimental  installations  around  the  world.  Theoretical  and  computational 
research  programs  are  also  represented,  as  are  potential  uses  of  this  emerging  technology.  A  total  of 
32  papers  are  included  in  this  volume  of  Proceedings.  Due  to  the  up-to-date,  ongoing  nature  of 
much  of  the  research  presented  here,  many  of  the  papers  consist  of  extended  abstracts  and  copies  of 
the  presentation  materials,  rather  than  of  ftiU  treatises.  These  works  are  expected  be  published  in  the 
near  future  in  various  archival  journals  or  as  papers  at  professional  society  conferences. 


Adam  P.  Bruckner,  Chair 
Carl  Knowlen,  Co-Chair 
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THE  RAIL  TUBE  IN  RAM  ACCELERATION:  FEASIBILITY 
STUDY  WITH  ISL’S  RAMAC  30 


F.  Seiler,  G.  Patz,  G.  Smeets,  J.  Srulijes 

French-German  Research  Institute  of  Saint-Louis  (ISL) 

F  68301  Saint-Louis,  France 

ABSTRACT 

The  new  concept  of  accelerating  a  projectile  flying  in  a  tube  at  supersonic  speed  by  self- 
synchronized  ignition  of  an  explosive  gas  mixture,  the  ram  accelerator,  has  generated  considerable 
interest  over  the  last  years  in  different  countries:  mainly  United  States,  Israel,  Japan,  France  and 
others.  In  France  ISL  has  performed  experiments  in  a  30-mm-caliber  ram  accelerator,  called 
RAMAC  30,  at  superdetonative  flight  speeds.  The  results  obtained  with  this  so-called  Scram 
Accelerator  are  described  herein  using  a  ram-tube  with  rails  for  guiding  smooth  cylindrical  ram- 
projectiles  and  present  three  novel  features: 


(1)  Scram  acceleration  was  achieved  in  a  single  stage  tube  with  a  projectile  flying  in 
the  superdetonative  regime  from  the  beginning  on.  The  projectiles  have  been 
injected  into  the  ram  tube  with  a  conventional  gun  as  pre-accelerator. 

(2)  In  a  rail  tube  cylindrical  projectiles  with  conical  front  and  back  parts  were 
accelerated.  In  this  case,  pre-acceleration  in  a  gun  without  sabot  is  possible. 

(3)  Acceleration  could  be  achieved  with  hydrogen,  methane  and  ethylen  based 
combustible  gas  mixtures  with  a  stoichiometric  fuel/oxidizer  ratio. 


INTRODUCTION 

The  ram  accelerator  concept  was  developed  and  tested  successfully  in  a  38-mm-device  by 
HERZTBERG,  BRUCKNER  &  BOGDANOFF  [1]  at  the  University  of  Washington,  Seattle,  USA, 
in  1986.  In  1988,  based  on  the  need  of  ISL  for  hypersonic  launching  facilities,  the  decision  was 
taken  to  build  two  ram  accelerators:  a  30-mm-tube,  called  RAMAC  30,  and  a  90-mm-one,  RAMAC 
90  [10].  The  RAMAC  90  is  designed  with  the  aim  to  accelerate  masses  of  several  kilograms  to 
velocities  of  up  to  3  km/s.  The  RAMAC  30  facility  is  used  for  basic  research,  mainly  in  the 
superdetonative  flight  regime,  with  the  objective  of  investigating  the  ignition  and  combustion 
phenomena  with  regard  to  the  gas  mixtures  to  be  used  as  well  as  the  projectile  design. 

SMEETS  [2]  published  in  1988  a  new  concept  for  a  ram  accelerator  with  guiding  tube  rails  for 
firing  rail  stabilized  projectiles  to  replace  the  fm  stabilized  projectiles  originally  used  at  the 
University  of  Washington  which  are  accelerated  in  a  cylindrical  bore  [3-6].  The  rail  tube  idea  has 
some  advantages,  e.  g.,  no  sabot  necessary  as  required  for  fin  guided  projectiles,  simple  projectile 
geometry,  and  possibility  of  varying  the  iimer  tube  geometry.  Therefore  it  was  decided  to  test  the 
rail  tube  principle  in  the  RAMAC  30  with  rail  guided  projectiles.  These  experiments  started  in 
November  1992  and  continued  until  August  1994. 


In  the  ram  accelerator  the  University  of  Washington  the  process  always  starts  with  subsonic 
combustion  behind  the  projectile  flying  initially  at  subdetonative  speeds.  For  higher  velocities,  it 
passes  the  transdetonative  mode  and  finally  switches  into  the  superdetonative  combustion  mode 
where  combustion  occurs  in  the  supersonic  flow  in  the  slit  between  the  projectile  and  the  tube  wall. 
To  bypass  the  gasdynamic  problems  of  subdetonative  ignition,  the  direct  firing  into  the 
superdetonative  combustion  mode  is  investigated  in  the  RAMAC  30  used  as  a  scram  accelerator. 

PRINCIPLE  OF  SCRAM  ACCELERATION 

Fig.  1  explains  the  principle  of  the  scram  accelerator  process.  A  vehicle  consisting  of  a 
cylindrical  centerbody  with  conical  portions  at  its  front  and  rear  ends  propagates  through  a 
combustible  gas  mixture  filled  in  a  cylindrical  tube  having  a  diameter  greater  than  that  of  the 
centerbody.  By  mean  of  fins  [1]  or  rails  [2]  which  are  not  shown  in  the  figure,  the  projectile  is 
guided  in  a  centered  position  inside  of  the  tube.  The  ram-tube  containing  the  combustible  gas 
mixture  is  closed  at  both  ends  by  diaphragms  which  are  distroyed  by  the  moving  projectile. 

The  flow  field  around  the  projectile  flying  at  supersonic  and  superdetonative  speed  largely 
corresponds  to  that  of  a  scramjet  motor.  On  its  conical  front  part,  an  attached  bow  shock  is  formed 
in  the  high  Mach  number  upstream  flow.  That  shock  undergoes  one  or  more  reflections  between  the 
wall  of  the  tube  and  the  cylindrical  part  of  the  projectile  thus  creating  a  series  of  oblique  shocks.  By 
this,  the  flow  is  compressed  nearly  isentropically  in  the  same  way  as  within  an  inlet  of  a  scramjet 
engine.  The  combustible  mixture  is  expected  to  ignite  and  combust  in  the  circular  section  between 
the  cylindrical  body  and  the  tube:  the  combustor.  There  are  still  debates  whether  ignition  occurs  in 
an  oblique  detonation  wave  or  is  initiated  by  hot  spots  in  the  stagnation  regions  formed  in  the  edge 
between  the  rails  and  the  projectile  surface.  The  combustion  generated  high  gas  pressure  produces 
thrust  on  the  conical  back  part  of  the  projectile  corresponding  to  the  thrust  acting  on  the  nozzle  of  a 
scramjet  engine. 


RAIL  TUBE  CONCEPT 


RAMAC  30  set-up 

The  RAMAC  30  design  follows  in  principle  the  prototype  ram  accelerator  of  HERTZBERG  et 
al.  [1]  in  which  fin  stabilized  bodies  are  accelerated  by  combustion  in  a  circular  ram  tube.  The  first 
RAMAC  30  design,  however,  was  chosen  for  testing  the  alternative  concept  of  a  ram  tube  with 
inner  rails  in  combination  with  cylindrical  and  finless  projectiles.  The  circular  projectile  of  Fig.  2 
has  no  fins  and  is  guided  in  a  tube  with  four  inner  rails,  see  SEILER  et  al.  [7].  The  fi'ont  cone  angle 
is  for  the  actual  projectile  14-16  degrees  and  the  back  angle  is  similar.  The  combustor  zone  of 
constant  diameter  has  a  length  of  45-60  mm  and  the  projectile  mass  is  125-135g.  The  tube  cross- 
section  is  given  in  Fig.  3.  The  total  area  Atoiai  of  the  cross  section  of  the  rail  tube  is  1241  mm^  and 
the  30  mm  caliber  projectile  cross-section  A  projectile  is  707  mm^. 

The  whole  facility  concept  is  shown  in  Fig.  4,  a)  schematic  set-up,  and  b)  photography  of  the 
whole  facility,  with  a  powder  gun  as  pre-accelerator  at  the  right  hand  side,  two  dump  tanks,  and  the 
rail  ram  tube  in  between,  see  Fig.  4c.  At  the  end  of  the  ram  accelerator,  the  projectiles  are  hitting  a 
set  of  replaceable  steel  plates  inside  of  a  piston  which  moves  backwards  inside  of  the  catcher  tube 
after  the  impact  (Fig.  4d). 


In  the  first  experiments  we  only  used  one  ram-section  of  3.6  meters  length.  In  the  conventional 
powder  gun  having  1.8  meters  tube  length,  aluminium  models  partially  with  an  inner  magnesium 
core  of  masses  of  about  130  g  are  accelerated  to  a  muzzle  velocity  of  about  1800  m/s  being  the 
initial  velocity  at  the  entrance  of  the  ram-section.  This  allows  to  start  in  the  superdetonative  ram 
accelerator  mode,  with  combustion  at  the  cylindrical  part  of  the  projectile  as  is  shown  in  Fig.  1. 

Rail  tube  experiments 

A  major  challenge  for  achieving  successful  scram  accelerator  experiments  to  superdetonative 
speeds  is  that  the  test  models  have  to  withstand  the  stresses  within  both,  the  launcher  and  the  scram 
accelerator  tube.  The  light  weight  models  of  magnesium,  used  at  the  beginning  of  the  experiments, 
could  be  accelerated  in  the  existing  powder  gun  to  superdetonative  speeds  without  deformation  and 
destruction,  but  violent  reactions  occurred  in  the  scram  tube  between  the  magnesium  and  the 
oxygen  as  well  as  the  carbondioxide.  Fig.  10a  shows  the  x-ray  picture  of  shot  no.  34  and  Fig.  10b 
that  of  no.  36  gathered  with  magnesium  projectiles  of  about  135  grams  in  the  highly  diluted  C2H4  + 
3O2  +  26  CO2  gas  mixture  with  a  velocity  gain  of  50  m/s  along  3.6  m.  In  both  cases  the  body 
diameter  of  originally  30  mm  is  reduced  by  ablation  and  for  no.  36  the  nose  cone  is  maybe 
damaged  by  canting.  Firing  with  less  diluent  cause  more  ablation  effects  followed  by  an  unstart.  In 
that  case  no  x-ray  pictures  are  available  due  to  pre-trigger  by  the  detonation  wave  in  front  of  the 
projectile.  Fig.  10c  contains  the  original  magnesium  projectile  at  rest.  Projectiles  made  of  heavier 
metals  like  steel  were  too  heavy  for  reaching  the  intended  muzzle  velocities,  or  projectiles  with  a 
thin  outer  steel  envelope  were  too  fragile  for  surviving  the  whole  firing  cycle  on  the  one  hand  in  the 
gun  and  on  the  other  hand  in  the  ram-tube  without  damage.  Most  of  the  early  experiments  failed 
because  of  these  difficulties.  The  first  experiments  leading  to  positive  results  were  made  with 
aluminum  projectiles  with  an  inner  magnesium  core  and  a  reactive  gas  mixture  based  on  a 
stoichiometric  hydrogen,  oxygen  mixture  and  carbondioxide  as  the  diluent  having  rather  low 
Chapman-Jouguet  detonation  velocities. 

Fig.  .5  shows  a  set  of  typical  signals  received  with  the  electromagnetic  sensors  and  the  wall 
pressure  gauges  for  three  measuring  locations  M16,  M18  and  M19  of  experiment  no.  115  along  the 
tube.  The  electromagnetic  signals  are  received  by  the  interaction  of  the  magnet  inside  of  the 
moving  projectile  with  a  coil  sensor  placed  in  the  tube  wall.  The  pressure  signals  are  directly 
correlated  in  time  to  the  position  of  the  projectile.  They  show  a  very  strong  pressure  incease  by 
combustion.  More  than  1000  bars  are  acting  on  the  outer  surface  of  the  projectile  causing  a  strong 
mechanical  stress  at  the  projectile  material.  Additionally,  the  high  combustion  gas  temperature  of 
up  to  2500  K  leads  to  a  high  heat  flux  into  the  projectile  surface  followed  by  an  extrordinary 
thermal  wall  stress.  Melting  processes  may  occur  and  also  chemical  reactions  with  the  oxygen  are 
present,  especially  when  magnesium  is  used.  In  case  of  aluminum  the  chemical  reaction  is  much 
smaller  as  with  magnesium  and  the  projectile  can  survive  longer. 

We  investigated  in  the  RAMAC  30  three  different  gas  mixtures  based  on  hydrogen  H2, 
methane  CH4  and  ethylene  C2H4,  mainly  with  a  stoichiometric  ratio  of  fuel  and  oxidizer  and 
carbondioxide  CO2  as  diluent; 


(1)  ethylen-oxygen-carbondioxide, 

(2)  methan-oxygen-carbondioxide, 

(3)  hydrogen-oxygen-carbondioxide, 


Best  ignition  and  avoidance  of  unstart  effects  were  obtained  with  the  gas  mixture  of  the 
following  molar  components:  2H2  +  O2  +  3  .8CO2  having  a  Chapman- Jouguet  detonation  velocity  of 
approximately  1450  m/s.  The  velocity  increase  found  experimentally  in  a  27  bars  gas  mixture  was 
about  200  m/s  (see  Fig.  6,  shot  no.  97).  More  C02-contents  (shot  no.  91  and  93)  gives  less  heat 
release  and  consequently  less  projectile  acceleration.  A  diminishing  C02-part  increases  the  heat 
production  by  combustion  followed  by  an  unstart  as  shown  for  shot  no.  99.  The  mean  acceleration 
of  135000  m/s^  is  for  firing  no.  97  in  good  accordance  with  the  straightforward  gasdynamic 
estimates  done  by  SMEETS  et  al.  [8]  and  even  exceeds  slightly  the  calculated  acceleration. 

The  results  shown  in  Fig.  6  for  hydrogen  based  mixtures  and  in  Fig.  7  for  hydrogen,  methane 
and  ethylene  fuels  were  obtained  by  experiments  performed  during  a  period  from  April  to  June 
1994.  The  velocities  and  the  accelerations  of  the  projectiles  were  determined  using  the  signals  from 
the  electromagnetic  sensors  identifying  the  passage  of  the  magnet  to  better  than  one  microsecond. 

The  data  describing  the  experiments  and  their  results  are  assembled  in  Table  1 ;  fill  pressure  pj, 
calculated  detonation  velocity  of  the  mixture  u^^  initial  (ram-tube  entrance)  and  final  projectile 
velocities  Uj  and  u^,  calculated  Mach  number  [8]  after  supersonic  combustion  Mj,  accelerating 
flight  distance  dx,  and  projectile  mass  m.  The  experimental  thrust  coefficients  TC,  as  deduced  from 
measured  accelerations  are  compared  to  predictions  resulting  from  the  simple  calculations  of 
SMEETS  et  al.  [8].  The  non-dimensional  thrust  coefficient  TC  is  defined  here  as  the  ratio  of  the 
calculated  thrust  force  F  to  the  product  of  the  propellant  fill  pressure  p  and  the  cross  sectional  area 
A  of  the  cylindrical  part  of  the  projectile:  TC  =  F/pA.  For  comparison,  available  experimental  data 
in  the  superdetonative  regime  obtained  by  HERTZBERG  et  al.  in  1989-1991  were  also  included  in 
the  table. 

For  better  perspicuity,  the  theoretical  and  experimental  thrust  coefficients,  TC,  are  plotted 
against  each  other  in  Fig.  8.  The  overall  agreement  except  for  the  results  of  the  two  experiments  Nr. 
91  and  Nr.  105  with  very  diluted  mixtures  is  satisfactory  and  quite  remarkable  in  view  of  the  fact 
that  the  calculations  [8]  are  based  on  an  idealized  concept  of  one-dimensional  flow  which  can  only 
very  roughly  describe  foe  complicated  three-dimensional  flowfield  around  foe  projectile  in  foe  tube. 
It  is  also  interesting  to  note  that  foe  results  obtained  at  ISL  with  stoichiometric  mixtures  based  on 
hydrogen,  methane  and  ethylene  are  in  good  accordance  with  data  received  by  HERTZBERG, 
BRUCKNER  and  KNOWLEN  [3-6]  with  rather  rich  methane  based  mixtures. 

Stability  limitations 

The  experiments  show  that  for  a  quasi  stationary  flight  with  acceleration  in  foe  superdetonative 
mode  there  exist  stability  limitations.  One  limit  is  set  by  thermal  choking  followed  by  an  unstart 
which  means  that  a  detonation  wave  moves  in  front  of  foe  projectile.  In  this  case  foe  calculated 
Mach  number  downstream  of  the  reaction  is  not  well  above  unity. 

To  avoid  thermal  choking  followed  by  an  unstart,  i.  e.,  foe  flow  Mach  number  after  combustion 
is  M  =  1,  foe  heat  release  must  be  adapted  to  the  upstream  flow  conditions,  that  means  to  foe  flow 
Mach  number  M  in  front  of  foe  combustion.  ZIEREP  [9]  shows  for  a  one-dimensional  flow,  as 
present  in  foe  chaimel  between  projectile  and  wall,  that  foe  heat  release  q  must  be  limited  to  avoid 
thermal  choking,.  The  formula  given  by  ZIEREP  [9]  describing  foe  maximal  heat  input  is  foe 
following  one: 


q 

u  tj 

2(x+1)m2 

max  ^  ^ 

In  this  relation  %  =  Cp/Cy,  with  Cp  the  specific  heat  at  constant  pressure  and  Cv  that  at  constant 
volume.  T  is  the  gas  temperature  in  front  of  combustion.  Fig.  9  shows  the  distribution  of  the 
normalized  heat  release  of  the  above  mentioned  equation  as  a  function  of  the  flow  Mach  number  M 
before  combustion.  We  see  two  regions:  (1)  a  zone  in  which  no  stable  combustion  occurs  and  the 
flow  is  chocked  thermally  and  (2)  a  zone  with  stable  combustion  by  limiting  the  heat  input 
according  to  the  given  flow  Mach  number.  This  limit  defines  the  maximum  heat  release  and 
therefore  the  lower  contents  of  the  diluent  in  the  combustible  gas  mixture.  Four  points  are  inserted 
representing  the  firings  no.  91,  93,  97  and  99.  Looking  to  Fig.  6  we  see  that  for  shot  no.  99  we  have 
a  projectile  deceleration  caused  by  an  unstart  and  that  unstart  is  also  predicted  by  ZIEREPS’s 
theory  [9]  shown  in  Fig.  9.  The  other  three  shots  are  at  the  border  (no.  97)  and  inside  (no.  91  and 
93)  of  the  allowed  region  with  no  unstart,  giving  a  projectile  acceleration  as  shown  in  Fig.  6. 

Another  reason  for  a  failure  was  found  to  be  the  decoupling  of  the  combustion  from  the 
projectile  in  case  of  mixtures  containing  too  much  inert  gas.  In  superdetonative  flight,  the  flow  field 
around  the  projectile  stays  in  all  parts  supersonic.  The  combustion  has  to  be  continuously  initiated 
at  the  side  of  the  cylindrical  part  of  the  projectile  as  shown  in  Fig.  5.  Any  reaction,  i.e.,  production 
of  high  gas  pressure  in  the  supersonic  flow  downstream  of  the  projectile  can  produce  no  more 
effect  on  it  as  descibed  by  SEILER  et  al.  [11].  The  upper  dilution  limit  with  decoupling  of 
combustion  (or  no  combustion)  will  depend  on  both,  the  type  of  combustible  gas  as  well  as  the  inert 
component  of  the  gas  mixture. 


CONCLUSION 

The  experiments  performed  in  the  RAMAC  30  at  ISL  constitute  a  significant  breakthrough  in 
superdetonative  ram  combustion.The  following  points  can  be  highlighted: 


(1)  Using  a  conventional  gun  as  preaccelerator,  a  projectile  can  be  injected  into  the 
ram  tube  flying  in  the  superdetonative  regime  from  the  beginning  on,  showing 
that  the  ram  accelerator  does  work  in  superdetonative  mode  as  scram 
accelerator. 

(2)  Cylindrical  bodies  with  conical  front  and  back  parts  can  be  accelerated  in  a  rail 
tube.  In  this  case,  preacceleration  in  a  gun  without  sabot  was  possible,  and 

(3)  there  is  no  problem  of  an  unstart  with  hydrogen,  methane  and  ethylene  based 
combustible  gas  mixtures  in  limitating  the  heat  release. 

(4)  Less  melting  and  burning  problems  using  aluminum  projectiles. 
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Fig.  6.  Flight  velocities  obtained  with  hydrogen  based  mixtures  in  the  rail  tube  ram  accelerator 


Fig.  7.  Flight  velocities  with  mixtures  based  on  hydrogen,  methane  and  ethylene  in  the  rail  tube 
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Fig.  8.  Comparison  of  theoretical  and  experimental  thrust  coefficients 


Fig.  9.  Maximum  heat  release  for  stable  combustion 


Fig.  10a.  x-ray  photography  of  the  magnesium  projectile  of  shot  no.  34 


Fig.  10b.  x-ray  photography  of  the  magnesium  projectile  of  shot  no.  36 


Fig.  10c.  x-ray  photography  of  the  magnesium  projectile  of  Fig.  10a  at  rest 
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Table  1.  Summary  of  available  ram  shots  data 


STATUS  OF  ISL’S  RAMAC  30  WITH  FIN  GUIDED  PROJECTILES 
ACCELERATED  IN  A  SMOOTH  BORE 


G.  Patz,  F.  Seiler,  G.  Smeets,  J.  Srulijes 

French-German  Research  Institute  of  Saint-Louis  (ISL) 

F-68301  Saint-Louis,  France 

ABSTRACT 

The  new  concept  of  accelerating  a  projectile  flying  in  a  tube  at  supersonic  speed  by  self- 
synchronized  ignition  of  an  explosive  gas  mixture  filled  inside  of  that  tube  which  is  closed  at  its 
ends  by  membranes,  the  ram  accelerator,  has  generated  considerable  interest  over  the  last  years  in 
different  countries:  especially  in  the  United  States,  Israel,  Japan,  France  and  others.  In  France  ISL 
has  performed  experiments  in  a  30-mm-caliber  ram  accelerator,  called  RAMAC  30,  at 
superdetonative  flight  speeds.  The  results  and  difficulties  found  in  the  version  with  a  smooth  bore 
and  fin  guided  projectiles  are  described  herein  and  can  be  summarized  as  follows; 


(1)  Scram  acceleration  was  started  and  achieved  in  a  single  stage  tube  flying  in  the 
superdetonative  regime  from  the  beginning  on,  using  a  conventional  gun  as 
preaccelerator  for  injecting  a  projectile  into  the  ram  tube.  Unfortunately,  the  thrust 
was  very  small  and  significant  acceleration  could  not  be  obtained. 

(2)  From  the  gasdynamic  point  of  view  the  combustion  was  stabilized  at  the  projectile 
body  with  hydrogen  and  methane  based  gas  mixtures. 

(3)  Damage  of  projectile  material,  especially  of  fins,  by  melting  and  burning  when 
aluminum  and  titanium  is  used. 


INTRODUCTION 

The  ram  accelerator  concept  was  developed  and  tested  successfully  in  a  38-mm-device  by 
HERZTBERG,  BRUCKNER  &  BOGDANOFF  [1]  at  the  University  of  Washington,  Seattle,  USA, 
in  1986.  In  1988, 'based  on  the  need  of  ISL  for  hypersonic  launching  facilities,  the  decision  was 
taken  to  build  two  ram  accelerators;  a  30-mm-tube,  called  RAMAC  30,  and  a  90-mm-one,  RAMAC 
90  [8].  The  RAMAC  90  is  designed  to  accelerate  masses  of  several  kilograms  to  velocities  of  up  to 
3  km/s.  The  RAMAC  30  facility  is  used  for  basic  research,  mainly  in  the  superdetonative  flight 
regime,  with  the  objective  of  investigating  the  ignition  and  combustion  behaviour  of  different  gas 
mixtures,  the  influence  of  projectile  geometry  and  new  tube  concepts,  as  published  by  SEILER  et 
al.  [2,  3]. 

In  the  ram  accelerator  at  the  University  of  Washington  [4-7]  the  process  always  starts  with 
subsonic  combustion  behind  the  projectile  flying  initially  at  speeds  lower  than  the  Chapman- 


Jouguet  detonation  velocity  of  the  combustible  gas  mixture.  For  higher  velocities,  it  passes  the 
transdetonative  mode  and  finally  switches  into  the  superdetonative  combustion  mode  where 
combustion  occurs  in  the  supersonic  flow  in  the  slit  between  the  projectile  and  the  tube  wall.  To 
b5T)ass  the  gasdynamic  problems  of  subdetonative  ignition,  the  direct  firing  into  the  superdetonative 
combustion  mode  (scram  accelerator)  is  investigated  in  the  RAMAC  30.  Two  ram-tube  versions 
have  been  tested  meanwhile:  (a)  the  rail  tube  ram  accelerator  and  the  „classical“  smooth  bore  ram- 
tube.  The  results  gathered  with  a  tube  equipped  with  iimer  rails  for  projectile  stabilization  are 
described  by  SEILER  et  al.  [3].  In  this  paper  here  the  status  of  the  smooth  bore  concept  is  discussed 
and  the  results  obtained  till  now  are  presented. 

PRINCIPLE 

Fig.  1  explains  the  principle  of  the  scram  accelerator  process.  A  vehicle  consisting  of  a 
cylindrical  centerbody  with  conical  portions  at  its  front  and  rear  ends  propagates  through  a 
combustible  gas  mixture  filled  in  a  cylindrical  tube  closed  at  both  ends  by  diaphragms.  The  tube 
diameter  is  greater  than  that  of  the  projectile  centerbody.  By  means  of  fins  [1]  or  rails  [3]  which  are 
not  shown  in  the  figure,  the  projectile  is  centered  inside  of  the  tube. 

The  flow  field  around  the  projectile  flying  at  supersonic  and  superdetonative  speed  largely 
corresponds  to  that  of  a  scramjet  engine.  On  its  conical  fi-ont  part,  an  attached  shock  is  formed  in 
the  hi^  Mach  number  upstream  flow.  That  shock  undergoes  several  reflections  between  the  wall  of 
the  tube  and  the  cylindrical  part  of  the  projectile  thus  creating  a  series  of  oblique  shocks.  By  this, 
the  flow  is  compressed  nearly  isentropically  in  the  same  way  as  within  an  inlet  of  a  scramjet  engine. 
The  combustible  mixture  is  expected  to  ignite  and  combust  in  the  circular  section  between  the 
cylindrical  body  and  the  tube.  There  are  still  debates  about  whether  ignition  occurs  in  an  oblique 
detonation  wave  or  is  initiated  by  hot  spots  in  the  stagnation  regions  in  front  of  the  positioning  fins 
in  the  smooth  bore  version  [1]  or  under  the  rails  in  the  rail  bore  version  [3].  The  combustion 
generated  heat  release  produces  a  high  gas  pressure  which  gives  thrust  on  the  conical  back  part  of 
the  projectile  corresponding  to  the  thrust  acting  on  the  nozzle  of  a  scramjet. 

SMOOTH  BORE  VERSION 


RAMAC  30  facility  set-up 

After  having  shown  the  good  application  of  the  rail  equipped  accelerator  tube  concept  for  ram 
acceleration  we  are  now  investigating  the  conventional  smooth  bore  technique  of  HERTZBERG  et 
al.  [1]  with  a  projectile  which  is  guided  by  fins  fixed  at  the  body  of  the  projectile. 

The  projectile  is  injected  into  the  ram  tube  as  in  the  rail  tube  case  [3]  with  about  1800  m/s  to  be 
superdetonative  relative  to  the  combustible  gas  mixture  used.  The  projectile  geometry  is  depicted  in 
the  photography  of  Fig.  2,  showing  the  fins  fixed  at  the  body  of  the  projectile  with  constant 
diameter  and  the  conical  front  and  back  parts.  In  this  case  of  fin  guided  projectile  a  sabot  is 
necessary  for  pre-acceleration.  Meanwhile  we  used  the  projectiles  made  of  aluminum  and  titanium 
with  four  or  five  fins  having  a  thickness  of  2  -  2.5  mm.  The  front  cone  angle  is  14  -  16  degrees  and 
the  back  angle  is  similar.  The  combustor  zone  with  constant  diameter  has  a  length  of  about  50  mm 
with  a  diameter  of  20  mm.  The  projectile  mass  is  80  -  85  grams  with  aluminum  and  about  1 10  g 
with  titanium  and  that  of  the  sabot  is  about  32  grams. 


The  shematic  set-up  of  the  RAMAC  30  facility  is  depicted  in  Fig.  3  corresponding  in  principle 
to  the  facility  used  by  SEILER  et  al.  [3]  for  the  rail  tube  concept.  Concerning  the  30-nini-caliber 
smooth  ram-tube,  we  have  at  the  moment  in  use  two  3  m  tubes  attached  to  each  other  with  a  total 
length  of  6  m,  see  Fig.  4a  with  the  powder  gun  at  the  right  hand  side.  In  Fig.  4b  the  ram-tube  is 
seen  at  left.  In  front  of  the  ram-tube  a  sabot  stripper  tube  (at  right)  is  needed.  It  has  a  bigger  outer 
tube  diameter  than  the  ram-tube.  This  stripper  tube  with  1.5  m  length  is  filled  with  a  heavy  gas, 
e.g.,  CO2.  Fig.  4c  shows  the  end  section  of  the  ram  device  with  the  decelerator  tube  in  which  a 
piston  is  placed  with  removable  steel  plates  for  projectile  impact. 

Experimental  results 

The  results  of  shot  no.  136  (aluminium)  and  138  (titanium)  are  presented  in  Fig.  5.  There  the 
projectile  velocity  is  shown  in  dependance  of  the  position  of  the  projectile  inside  the  tube.  For  both 
firings,  the  velocity  initially  decrease  in  the  sabot  stripper  tube  and  then  increases,  i.e.,  the 
combustion  starts  inside  the  combustor  producing  thrust  on  the  back  side  of  the  projectile.  But,  due 
to  the  high  combustion  temperature  the  heat  flux  into  the  ram  projectile  is  enormous  maybe 
initiating  melting  processes  and  chemical  reactions  between  the  projectile  material  and  the  oxygen 
as  well  as  the  diluent  CO2  present  in  the  combustible  gas  mixture.  This  chemical  reaction  produces 
an  additional  heat  release  for  that  the  maximum  heat  input,  see  SEILER  [3],  is  surpassed  followed 
by  an  unstart  which  begins  after  a  projectile  travel  of  about  4  -  5  m.  From  x-ray  photographies  it 
can  be  seen  that  the  projectile  loose  its  fins  and  the  combustor  body  diminishes  from  20  mm 
diameter  to  about  16  -  18  mm  as  shown  in  Fig.  6a  for  shot  no.  134  (projectile  travel  =  3  m)  and  Fig. 
6b  for  no.  139  (projectile  travel  =  6  m).  Fig.  6c  shows  the  x-ray  image  of  the  projectile  of  shot  no. 
142  with  maybe  weak  combustion  in  the  mixture:  2H2  +  0.4  O2  +  8.2  N2.  The  fins  are  well  visible 
in  Fig.  6c  which  is  not  the  case  in  Figs.  6a  and  6b.  If  the  projectile  looses  its  fins  canting  occurs.  In 
some  cases  the  projectile  body  is  nearly  completely  burned  up  during  the  firing  cycle.  This 
behaviour  was  present  with  projectiles  of  aluminum  (shot  no.  136).  Projectiles  made  of  titanium 
(shot  no.  138)  behave  similar  to.  shot  no.  136. 

In  Fig.  7  a  comparison  is  shown  between  a  shot  fired  with  an  aluminum  projectile  (no.  136),  an 
eloxadized  aluminum  projectile  (no  139),  an  aluminum  projectile  with  zirconium  oxide  plasma 
coating  (no.  150)  and  aluminum  with  an  aluminum  oxide  plasma  coated  layer  (no.  151).  Both 
coating  thicknesses  are  in  the  range  of  about  200  pm.  The  protected  aluminum  projectiles  survive 
longer  in  time  than  that  with  pure  aluminum.  Due  to  the  protection  at  its  outer  surface  these 
projectiles  are  not  burned  up  totally  on  6  m  acceleration  as  seen  from  the  impact  into  the  steel 
plates.  The  aluminum  projectile  can  survive  only  a  flight  of  3  -  4  m  (see  x-ray  image  in  Fig.  6a). 
After  6  m  flight  the  aluminum  projectile  nearly  vanishes. 

With  aluminum  projectiles  plasma  coated  with  zirconium  oxide  (Zr02)  and  aluminum  oxide 
(AI2O3),  the  aluminum  seems  to  be  protected  against  the  heat  influence  for  about  4  -  5  m  flight,  but 
no  velocity  increase  is  detected.  It  seems  that  the  thrust  formed  by  combustion  just  balances  the 
high-pressure  flow  drag  and  the  mechanical  friction  forces  of  the  fins  at  the  tube  wall.  This 
outcome  shows  that  the  gathered  acceleration  is  small  due  to  the  C02-dilution  used  and  due  to  the 
inefficient  geometry  of  the  projectile’s  boat  tail.  The  velocity  increase  Aup,  calculated  with  the 
theoretical  model  of  SMEETS  et  al.  [9],  is  for  shot  no.  150  about  100  m/s  along  6  m  ram-tube, 
which  seems  to  be  just  balanced  by  the  forces  discussed.  In  shot  no.  144  no  combustion  occured 
and  the  projectile  velocity  was  slowed  down,  e.g.,  by  -AUp  »  89  m/s  on  6  m  tube  flight,  see  Fig.  10. 


This  velocity  rise  by  ram  effect  just  compensate  the  flow  drag  and  the  tube  friction  acting  on  the 
projectile.  If  that  hypothesis  is  true,  the  acceleration  present  with  pure  aluminum  is  caused  by 
burning  of  the  projectile  body  and  its  fins  forming  a  second  heat  source  besides  the  heat  release  by 
combustion.  The  consequence  is  a  undesired  velocity  gain  by  burning  of  projectile  material. 

The  velocity  distribution  gathered  with  aluminum  projectiles  fired  with  fuel  rich  (no.  145), 
stoichiometric  (no.  136)  and  fuel  lean  (no.  146)  hydrogen  based  gas  mixture  are  drawn  in  the 
diagram  of  Fig.  8.  There  exists  no  significant  difference  in  the  velocity  behaviour  of  the  projectiles. 
In  all  three  cases  the  supersonic  combustion  starts  with  a  projectile  acceleration.  But  after  about  3  - 
4  m  the  acceleration  stops  and  is  turned  in  a  strong  projectile  deceleration.  The  reason  for  this 
failure  is  that  the  fins  and  the  body  are  damaged  by  melting  and  burning.  In  each  of  this  three 
firings  practically  the  whole  projectile  is  burned  because  nearly  no  impact  is  seen  in  the  steel  plates 
of  the  catcher  tube. 

The  aluminum  projectiles  fired  with  fuel  rich  (no.  149),  stoichiometric  (no.  148)  and  fuel  lean 
(no.  152)  methane  based  gas  mixtures  show  in  Fig.  9  the  same  behaviour  as  discussed  for  the 
previous  Fig.  8  with  variation  of  the  hydrogen  fuel  contents.  As  seen  in  Fig.8  and  Fig.  9  in  fuel  lean 
mixtures  the  projectiles  can  survive  insignificantly  longer  than  in  fuel  rich  mixtures.  In 
stoichiometric  mixtures  the  aluminum  projectiles  behave  better. 

CONCLUSIONS 

In  conclusion,  the  first  firings  in  ISL's  RAMAC  30  with  a  smooth  ram  tube  and  fin  guided 
projectiles  carried  out  from  November  1994  up  to  June  1995  could  demonstrate: 

(1)  direct  firing  into  the  superdetonative  combustion  mode  with  fin 
guided  projectiles, 

(2)  controlled  sabot  separation  in  a  sabot  stripper  tube, 

(3)  ignition  and  stable  combustion  at  the  projectile  body  in  order  to 
avoid  the  unstarting  process. 

(4)  Weak  acceleration  with  hydrogen  and  methane  based  combustible 
gas  mixtures  diluted  with  carbondioxide  was  obtained.  The  velocity 
gain  was  small  due  to  dilution  and  ineffective  projectile  back  shape 
geometry. 

(5)  The  strong  heat  flux  cause  projectile  damage,  especially  at  the 
projectile  fins  by  melting  and  burning  due  to  chemical  reactions  of 
projectile  material  with  the  oxygen  and  the  diluent. 

(6)  The  additional  heat  input  by  material  burning  is  an  unwellcome  heat 
source  and  leads  to  an  unstart  with  a  detonation  wave  moving  in 
front  of  the  projectile.  Projectile  canting  may  support  the  unstart. 

(7)  Varying  the  fuel  content  from  fuel  rich  to  fuel  lean  with  hydrogen 
and  methane  based  mixtures  gave  no  better  results  in  view  of  the 
previous  points  (5)  an  (6). 

(8)  Results  with  coatings  on  aluminum  with  zirconium  oxide  (ZrOj)  and 
aluminum  oxide  (AL2O3)  have  shown  that  coating  can  improve  the 
life-time  but  not  along  the  whole  ram  cycle  fired. 
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Fig.  i.  Principle  of  the  scram  accelerator  process 


Fig.  4a.’ Photography  of  the  whole  RAMAC  30  facility  in  June  1995 


Fig.  5.  Velocity  increase  with  projectiles  made  of  aluminum  and  titanium 


Fig.  6a.  x-ray  image  for  shot  no.  134  after  3  m  projectile  path  with  a  mixture  as  for  no.  136 


Fig.  6b.  x-ray  photography  for  shot  no.  139  after  6  m  projectile  path 


Fig.  6c.  x-ray  photographic  for  shot  no.  142 
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Fig.  7.  Velocity  increase  with  projectiles  made  of  aluminum  (no.  136),  eloxadized  aluminum  (no. 
139),  aluminum  with  zirconium  oxide  coating  (no.  150)  and  aluminum  oxide  on  aluminum 
(no.  151) 
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Fig  8.  Velocity  increase  with  aluminum  projectiles  fired  with  fuel  rich  (no.  145),  stoichiometric  no. 
136)  and  fuel  lean  (no.  146)  hydrogen  based  gas  mixture 
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Fig  9.  Velocity  increase  with  aluminum  projectiles  fired  with  fuel  rich  (no.  149),  stoichiometric 
(no.  138)  and  fuel  lean  (no.  152)  methane  based  gas  mixture 
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Fig.  10.  Flow  drag  and  friction  forces  balanced  by  ram  acceleration  in  no.  150  (ram  combustion) 
compared  with  shot  no.  144  (no  combustion)  and  no.  136  (ram  combustion  and  aluminum 
burning) 
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ABSTRACT 

At  Shock  Wave  Research  Center,  Institute  of  Fluid  Science,  Tohoku  University,  a  25-nun“ 
bore  ram  accelerator(RAMAC  25)  ha^  been  installed.  Projects  associated  with  this  apparatus 
aim  not  only  at  fundamental  research  of  shock  wave  dynamics  in  reactive  gas  systems  but  at  its 
various  applications  to  aerospace  technologies  and  to  hypervelocity  impact.  In  order  to  make 
the  flow  field  model  simple,  hollow  projectiles  will  be  tested  first.  Also  center-body  projectiles 
will  be  studied  on  mainly  to  validate  scaling  effects  on  ram  accelerator  operation  and  to  examine 
the  effect  of  projectile  configuration.  The  effect  of  finite  rate  chemical  reaction  is  being  studied 
theoretically  and  numerically.  CFD  studies  have  been  applied  to  simulate  the  ram  accelerator 
flow  field  using  a  supercomputer  Cray  C916. 


INTRODUCTION 

The  characteristic  of  launching  a  heavy  payload  to  high  speeds  with  high  energy  conversion 
efficiencies  in  using  a  ram  accelerator  is  most  attractive  topics  in  shock  wave  researches  from 
view  points  of  fundamental  research  and  its  application.  As  was  reported  at  the  first  RAMAC 
Workshop  held  in  Saint  Louis,  a  25-mm-bore  ram  accelerator  has  been  installed  at  Shock  Wave 
Research  Center  (SWRC),  Institute  of  Fluid  Science,  Tohoku  University.  Recently,  this  projects 
have  been  in  progress  through  a  close  collaboration  with  University  of  Washington  funded  by 
Japan  Society  of  Promotion  if  Science  (JSPS)  and  International  Aircraft  Development  Fund 
(lADF). 


APPARATUS 

Figure  1  shows  the  schematic  illustration  of  the  ram  accelerator  at  SWRC.  The  ram  accel¬ 
eration  section  has  three  two-meter-long  tubes.  The  inner  and  outer  diameters  of  the  tubes 
are  25  mm  and  60  mm,  respectively.  At  axial  locations  of  a  0.4  m  separation  with  each  other. 
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Figure  1:  RAMAC  25  at  SWRC 

the  tubes  have  four  instrumentation  ports  (in  total  sixty  ports).  In  these  ports,  the  magnetic 
sensors  and  pressure  transducers  are  fabricated.  The  gas  feed  system  is  composed  of  mass  flow 
controllers  and  backpressure  regulators.  The  flow  rate  of  each  species  is  controlled  electrically. 

The  launch  section  is  a  powder  gun  of  the  same  bore  as  the  ram  acceleration  tubes.  Smoke¬ 
less  powder  of  30  gram  at  maximum  can  be  loaded  in  the  propellant  chamber.  The  launch  tube 
is  4  m  in  length  and  is  surrounded  by  a  dump  tank  for  the  product  of  the  propellant.  Between 
the  launch  tube  and  the  ram  acceleration  section,  a  propellant  release  port  is  inserted. 


HOLLOW  AND  CENTER-BODY  PROJECTILES 

Figures  2  and  3  shows  hollow  and  center-body  projectiles  which  are  used  in  the  experiment, 
respectively.  The  cross-sectional  area  of  hollow  projectile  (Fig.  3)  is  scaled  to  one  to  which  was 
tested  at  University  of  Washington,  [1].  They  are  made  of  aluminum  alloy  A7075T651.  It  has 
a  converging  conical  (10  degrees)  flow  passage  on  the  upstream  side  and  a  diverging  conical 
flow  passage  on  the  downstream  side.  The  cross-sectional  area  ratio  of  the  throat  to  the  inlet 
equals  that  of  a  standard  center-body  projectile  at  University  of  Washington.  [2]  The  ratio  of 
the  base  to  the  inlet  equals  that  in  the  center-body  projectile..  In  order  to  strengthen  the  tip 
of  the  projectile  when  it  impinges  to  against  rupture  diaphragms,  it  has  a  lip  of  a  deeper  angle 
of  30  degrees.  In  this  inverse  cone  type  projectile,  the  area  variation,  dAjdx  {A;  cross-sectional 
area  of  the  flow  passage,  i;  axial  position),  decreases  with  decreasing  the  inner  radius.  In 
order  to  increase  dA/dx  near  the  throat,  the  diverging  section  has  a  biconic  configuration.  For 
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Figure  2:  Hollow  projectile,  dimensions  in  mm. 


Figure  3:  Center-body  projectile,  dimensions  in  mm. 


measuring  an  x-t  diagram  of  the  projectile,  a  magnetized  plastic  ring  is  so  fabricated  in  the 
groove  on  the  outer  surface  as  to  yield  large  output  signals. 

The  center-body  projectile  (Fig.  3)  has  a  similar  configuration  to  that  of  University  of 
Washington. 

Figures  4  and  5  show  examples  of  CFD  computation  in  the  case  of  inert  gas  flows  passing 
through  the  hollow  projectile.  With  the  same  tip  angle,  a  stronger  shock  is  generated  by  an 
inverse  cone  than  by  a  cone.  In  order  to  avoid  Mach  reflection  on  the  axis,  the  entry  speed  of 
the  projectile  to  the  ram  acceleration  section  needs  to  be  increased.  Furthermore,  the  effect 
of  the  lip  of  the  deeper  angle  is  significant  in  determining  a  shock  reflection  pattern  in  hollow 
projectiles,  see  Figs.  4  and  5  for  comparison. 
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Figure  4:  Isopycnics  in  the  hollow  projectile  without  a  hp,  7  =  1.29,  M  =  4.0 


Figure  5:  Isopycnics  in  the  hollow  projectile  with  a  lip,  7  =  1.29,  M  =  4.0 

THEORETICAL  AND  NUMERICAL  WORKS 

The  study  of  the  effect  of  finite  rate  chemical  reactions  on  ram  accelerator  thrust  charac¬ 
teristics  was  initiated  at  University  of  Washington  (see  Fig.  6)[1].  With  a  relatively  simple 
quasi-one-dimensional,  quasi-steady  numerical  calculation  showed  that  if  the  effective  induc¬ 
tion  length  of  the  chemical  reactions  becomes  shorter  than  a  projectile  characteristic  length  a 
’transdetonative  mode’  appears;  the  flow  becomes  sonic  on  the  projectile  body,  being  accom¬ 
panied  with  supersonic  expansion  downstream  of  the  sonic  point.  The  thrust  in  this  mode  is 
larger  than  that  in  the  ’subdetonative’  mode  in  which  the  flow  becomes  sonic  downstream  of 
the  projectile.  Further  calculations  are  being  conducted  at  SWRC. 

By  utihzing  existing  CFD  resources  at  SWRC,  two  or  three-dimensional  CFD  codes  for  the 
ram  accelerator  flow  simulation  are  being  developed.  The  calculation  was  conducted  using  a 
supercomputer,  Cray  C916. 
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SUMMARY  AND  FUTURE  PLAN 


SWRC  plans  first  of  all  to  test  hollow  projectiles.  Then,  scaling  effects  will  be  investigated 
with  center-body  projectiles  by  comparing  the  observed  performances  with  others.  As  an 
extension  of  this  project,  a  100  mm  bore  ram  accelerator  as  a  main  facility  in  SWRC  is  planned. 
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Preliminary  Tests  of  A  Rectangular  Bore  Ram  Accelerator 

X.  Chang"*,  Y.  Shimomura2  and  S.  Taki^ 

ABSTRACT 

A  new  geometry  ram  accelerator  is  being  made  and  working  at  the 
Hiroshima  University  of  Japan.  It  consists  a  two-stage  light  gas  gun  as  the 
projectiie  launcher,  a  ram  acceleration  section  and  a  dump  section.  The  light 
gas  gun  includes  a  55mm  bore  detonation  tube,  which  drives  a  free  piston,  a 
55mm  bore  compression  tube,  in  which  the  helium  gas  is  compressed  by  the 
free  piston,  and  a  launch  tube,  in  which  the  projectile  is  accelerated  by  the 
compressed  helium  gas  and  launched  into  the  ram  acceleration  section.  A 
evacuated  tank  is  located  at  the  end  of  the  launch  tube  of  the  light  gas  gun 
to  serve  as  a  dump  for  the  helium  driver  gas.  In  order  for  the  convenience  of 
the  visualization  of  the  flowfield  around  the  flying  projectile,  a  rectangular 
bore  ram  tube  is  used.  The  launch  tube  of  the  light  gas  gun  also  has  the  same 
cross-section.  The  inner  and  outer  sizes  of  these  tubes  are  15x20mm  and 
55x70mm,  respectively.  Several  observation  windows  are  also  located  on 
the  side-walls  of  the  ram  tube.  The  projectile  in  the  tubes  is  centered  by 
two  guide  rails  placed  on  the  side  walls  of  the  tube  inside.  Consequently,  the 
projectiie  which  has  the  two  dimensional  structure  is  shaped  to  fit  the 
guide  rails. 

The  ram  tube  is  2m  long.  Three  pressure  transducers  are  mounted  along 
the  tube  to  measure  the  pressure  change  when  the  projectile  passes  them. 
Several  magnetic  detectors  are  also  set  along  the  outside  of  the  walls  of 
the  launch  tube,  dump  tube  and  ram  tube  to  check  the  passage  of  the 
projectile  in  which  a  small  cobalt  magnet  is  mounted  in.  The  velocity  of  the 
projectile  can  be  calculated  from  these  outputs.  Schlieren  pictures  can  be 
taken  through  the  observation  windows  by  the  trigger  from  a  pressure 
transducer  or  a  magnetic  detector.  Recently  the  start  is  obtained  at  the  C02 
gas  compressed  to  0.35MPa  when  the  entrance  velosity  is  higher  than 
1000m/sec. 
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PART  SECTION  GEOMETRY 


A  FEEDBACK  CONTROLLED  GAS  MIXING  SYSTEM  FOR  THE  RAM 

ACCELERATOR 


M.  R.  Jar  din*  and  A.  P.  Bruckner* 

Aerospace  and  Energetics  Research  Program 
University  of  Washington,  FL-10 
Seattle,  Washington  98195 

Abstract 

A  feedback-controlled  gas  mixing  system  is  presented  along  with  operational  results  for  a 
prototype  implementation,  which  has  been  developed  for  the  University  of  Washington  ram 
accelerator  hypervelocity  launcher  facility.  The  control  system  is  designed  to  fill  high-pressure 
chambers  with  a  selected  number  of  component  gases  (four  for  the  ram  accelerator)  at  a  chosen  set 
of  molar  ratios.  A  mass-flow-rate  controller  keeps  the  mass-flow  rate  of  a  primary  gas  constant 
while  secondary  gas  controllers  drive  the  molar-ratio  errors  to  zero,  thereby  ensuring  that  the  final 
gas  composition  is  correct.  The  sensing  elements  are  resistive  thermal  detection  (RTD)  mass-flow 
meters,  and  the  control  elements  are  switched  servo-actuated  metering  valves .  Experimental  results 
for  the  operation  of  the  prototype  system  are  reported. 

Nomenclature 


A  =  area 

=  specific  heat  at  constant  pressure 

Cy  =  valve  Cj,  factor,  a  measure  of  pressure  loss  in  gallons  per  minute  of  water  which  will  pass 
through  an  orifice  with  a  pressure  differential  of  1  psi. 

D  =  diameter;  denominator  polynomial  of  a  transfer  function 
=  minimum  fill  line  diameter 
=  discretization  error 

E  =  measurement  error  in  mass-flow  meter 

m 

^MR  ~  Percent  error  m  mass  ratio 
E  =  absolute  value  of  the  average  of  E^ 

=  conversion  constant  in  mass-flow-rate  equation 
=  control  law  gain 

=  proportional  constant  between  orifice  area  and  factor 
=  effective  closed  loop  system  gain 
Kp  =  filter  gain 

=  relational  constant  between  factor  and  molar  flow  rate 
Kss  =  steady-state  gain  of  the  control  law 

=  rate  of  change  of  the  with  respect  to  time 
L  =  length  of  fill  pipe 

M  =  Mach  number 

M  =  true  accumulated  mass 

a 

*Aerospace  Engineer.;  Currently  employed  with  the 
Air  Traffic  Management  Branch,  NASA  Ames  Research 
Center,  MS  210-9,  Moffett  Field,  CA  94035. 

■^■Professar  of  Aeronautics  &  Astronautics. 
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=  accumulated  mass  with  error  due  to  discrete  integration  and  measurement  error  in  the 
mass-flow  meter 

M^i  =  voltage  signal  from  control  law  in  feedback  loop 
Aifg  =  error  signal  in  feedback  loop  and  input  to  control  law 
=  filtered  mass-flow-rate  signal 
=  mass-flow-rate  reading  from  flow  meter 
I^^ax  -  maximum  mass-flow  rate 
fip  =  mass-flow  rate  of  the  primary  gas 
Klj-gj-  =  input  reference  mass-flow  rate 

=  mass-flow  rate  of  the  secondary  gas 
Mslm  -  mass-flow  rate  in  standard  liters  per  minute 
Th  =  mass-flow  rate  in  Kg/sec 
N  =  numerator  polynomial  of  a  transfer  function 
P  -  pressure;  pole  of  a  transfer  function 
P^  =  standard  pressure  (  1.01x10^  MPa) 

Pj  =  total  pressure 

R  =  ideal  gas  constant  for  a  given  gas 
Re  =  Re5molds  number 

9t  =  molar  ratio  of  two  gases 

R^  =  universal  ideal  gas  constant 

=  angular  speed  of  valve  actuator  motor  shaft  (revolutions/second) 
s  =  complex  variable,  Laplace  transform  analysis 

T  =  temperature  (absolute) 

=  standard  temperature  (273.15  K) 
r,  =  total  temperature 

u  =  axial  flow  velocity 

V  =  volume 

-  Dead-Zone  voltage 
=  error  voltage 
W  =  molecular  weight 

Z  =  zero  of  a  transfer  function 

Greek 

V  =  ratio  of  specific  heats 

E  =  pipe  roughness  coefficient  (inches) 

«I>  =  friction  coefficient 

p  =  density 

Subscripts 

1  =  conditions  upstream  of  the  valve  orifice 

2  =  conditions  downstream  of  the  valve  orifice 
f  =  conditions  in  the  fill  tank 

G  =  forward  path  transfer  function 
H  =  feedback  path  transfer  function 

V  =  conditions  at  the  valve  orifice 
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Introduction 


The  ram  accelerator  is  a  device  which  accelerates  objects  to  hypersonic  velocities  by  use  of  a 
chemical  propulsion  cycle  very  similar  to  that  of  a  conventional  ramjet  [1].  In  the  ram  accelerator, 
the  projectile  is  shaped  like  the  center-body  of  a  ramjet  and  travels  freely  through  a  tube  filled  with 
a  mixture  of  combustible  gases.  The  shock  structure  that  is  developed  as  the  projectile  moves 
through  the  gases  stabilizes  combustion  behind  the  projectile,  causing  acceleration  (Fig.  1). 


Conventional  Ramjet 

Normal  Mechanical 

Shock  Combustion  Choking 


Cowling  Flame 

Holders 


Ram  Accelerator 


Thbe  Wall  Shock  Combnstion 


Figure  1.  The  ram  accelerator  operates  on  a  chemical  propulsion  cycle  similar 
to  that  of  a  conventional  ramjet. 


Recent  studies  [2]  suggest  that  shght  changes  in  gas  composition  can  have  significant  effects 
upon  ram  accelerator  performance  so  that  obtaining  accurate  gas  mixtures  is  very  importot.  In 
addition  to  high  accuracy,  the  system  used  to  fill  the  ram  tubes  prior  to  a  projectile  launch  must  be 
qmck  and  efficient  if  the  ram  accelerator  is  to  emerge  from  the  research  laboratory  and  become  a 
practical  hypersonics  test-bed  or  orbital  launch  facility  in  the  future. 

Both  the  sonic  orifice  method  for  setting  ratios  of  mass-flow  rates  and  partial  pressure  filling 
have  been  used  for  creating  the  required  combustible  gas  mixtures,  but  both  methods  have  inherent 
problems  which  have  necessitated  the  search  for  an  alternative  gas  mixing  system.  Three 
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requirements  must  be  met  in  order  to  improve  upon  the  current  systems;  direct  measurement  of 
mass-flow  rate  or  of  total  mass  must  be  made  in  real  time,  all  gas  components  should  be  allowed 
to  flow  simultaneously  for  more  efficient  operation,  and  mass  ratios  should  be  measured  and 
should  be  able  to  be  set  to  a  specified'high  degree  of  accuracy.  A  feedback-control  mechanism 
which  makes  use  of  true  mass-flow  meters  along  with  integrating  capabilities  can  meet  all  of  the 
requirements.  The  concept  is  to  set  the  mass-flow  rate  of  a  primary  gas  component  constant  with  a 
mass-flow-rate  controller  and  then  to  flow  the  secondary  gases  through  mass-ratio  controllers  using 
the  mass-flow  rate  of  the  primary  gas  as  a  reference  input  (Fig.  2). 


Mass-flow-rate  Controller 


Figure  2.  The  mass-flow  rate  of  a  primary  gas  is  held  constant  with  one  control  loop,  and 
the  output  is  used  as  a  reference  command  for  a  separate  control  loop  which 
maintains  a  constant  mass  ratio  between  two  (or  more)  gases. 


The  organization  of  this  paper  follows  a  fairly  standard  methodology  for  control  system  design. 
The  analysis  and  subsequent  selection  of  control  components  (mass-flow  meter,  control  valve  and 
actuator)  are  given  first,  followed  by  the  dynamic  modelling  of  aU  elements  of  the  prototype  gas 
mixing  system.  Once  the  dynamic  modelling  has  been  shown,  the  mass-flow-rate  control  law 
design  is  given,  followed  by  the  design  of  the  mass-ratio  control  law.  Finally,  experimental  results 
and  conclusions  are  presented. 


Control  Component  Selection 

The  resistive  thermal  detection  (RTD)  mass-flow  meter,  which  accurately  measures  the  true 
mass-flow  rate  (as  opposed  to  vo/wme-flow  rate)  of  a  gas  via  heat-transfer  principles,  best  meets  the 
mass-flow-meter  requirements  as  stated  in  the  introduction.  Measuring  mass-flow  rate  instead  of 
volume  flow  rate  eliminates  the  need  for  extensive  pressure  and  temperature  corrections  [3]. 
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The  RTD  mass-flow  meter  measures  mass-flow  rates  by  transferring  heat  to  a  diverted  stream 
of  the  flowing  gas  and  measuring  the  temperature  rise  a  little  further  downstream  by  the  use  of 
resistive  thermal  heating  coils  in  a  bridge  circuit  (Fig.  3).  Heat  transfer  to  a  flowing  gas  is  primarily 


Bridge 

Circuit 


Linear 


Bypass  Sensor  Tube — ►h 


Heater 


T 

\\\\^ 


Main  Gas  Flow  =:Lammar  Flow  Eiement= 


F^ure  3.  In  the  RTD  measurement  concept,  heat  is  transferred  to  a  flowing  gas, 
and  the  temperature  rise  of  the  gas  is  measured  in  a  bridge  circuit  and  is 
proportional  to  the  rate  of  mass  flow. 


dependent  upon  mass  transport  and  the  specific  heat  of  the  gas,  so  that  the  mass-flow  rate  can  be 
detected  by  this  principle.  Since  is  a  weak  function  of  temperature,  a  very  small  correction  factor 
is  needed  for  variations  in  gas  temperature  (±0.2%  of  fuU  scale  flow  per  ®  C  between  0-50  ®  C). 

A  micro-metering  needle  valve  is  employed  as  the  mass-flow-control  element  since  these 
valves  can  withstand  high  pressures  and  can  provide  desirable  flow  characteristics  over  the  control 
system  operating  range.  A  servo-actuator  with  a  custom  designed  control  board  is  used  for  its 
flexibility  in  adjusting  actuator  parameters. 

A  Macintosh  Ilci  running  National  Instruments  Labview  version  n  software  is  employed  for 
implementation  of  the  control  laws.  A  National  Instruments  NB-MIO-16L  multifunction  analog/ 
digital  and  timing  board  provides  the  hardware/computer  interface,  and  a  special  termination 
board,  the  National  Instruments  SC-2070,  is  employed  for  its  thermocouple  cold-junction 
compensation  capabilities.  Two  pressure  transducers  and  two  thermocouples  are  used  to  make 
independent  measurements  of  mass  vs.  time  in  both  the  source  gas  tank  and  the  fill  tank  into  which 
the  gases  are  to  be  flowed.  These  probes  and  transducers  consist  of  one  each  of  a  PX603-1KG5V 
1000  psig  pressure  transducer  and  a  PX603-3KG5V  3000  psig  pressiue  transducer  and  two  JTIN- 
18E-12  J-type  thermocouple  probes  from  Omega  Engineering  Inc. 


Mass-flow  Meter  Sizing 

When  choosing  the  measurement  range  of  mass-flow  rates  for  the  mass-flow  meter,  the  total 
mass  to  be  flowed  and  the  total  time  required  for  a  fill  process  must  be  considered.  Knowing  the 
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volume  and  pressure  to  which  the  gases  must  be  fiUed  allows  the  total  mass  to  be  computed,  while 
the  required  time  is  a  function  of  the  gas  dynamic  limits  of  the  fill  system  hardware,  the  type  of  gas, 
the  desired  gas  mixture,  and  the  desired  accuracy  of  the  mass-flow  meter.  After  all  of  the  above 
factors  were  considered,  a  Teledyne-Hastings  Raydist  (model  HFM-201)  mass-flow  meter  was 
selected  with  a  range  of  200  Standard  Liters  per  Minute  (SLM;  the  number  of  liters  per  minute  of 
a  gas  flowing  at  1  atm  and  0°  C). 


Control  Valve  and  Actuator  Sizing 

The  control  valve  must  be  large  enough  to  allow  the  upper  limit  mass-flow  rates,  but  must  also 
have  desirable  control  characteristics  at  the  lower  mass-flow  rates.  The  actuator  must  integrate  weU 
with  the  valve  to  achieve  these  goals.  The  objective  of  the  following  calculations  is  to  obtain  a 
numerical  algorithm  which  gives  the  valve  factor  (an  empirical  measure  of  valve  size  used  by 
most  valve  manufacturers  [4])  as  a  function  of  the  measurable  and  independent  parameters  in  the 
fill  system;  namely  the  mass-flow  rate  (M),  upstream  total  pressure  (ij  ),  ram  tube  fill  pressure 
(^  ),  and  all  of  the  physical  hardware  parameters  such  as  tube  diameter  and  the  friction  coefficient 
of  the  tube  walls.  Once  factors  have  been  calculated,  the  appropriate  valve  can  be  chosen.  The 
idealized  gas  fill  system  used  for  these  calculations  (Fig.  4)  has  been  modelled  as  a  control  valve 


Valve 


Figure  4.  The  gas  fill  system  model  used  for  valve  sizing  calculations. 

at  the  beginning  of  a  high  L/D  fill  tube  leading  into  a  large  plenum  (a  section  of  ram  tube).  One¬ 
dimensional,  compressible  fluid  dynamics  with  friction  accounted  for  will  be  used  to  form  the 
necessary  relations  among  the  appropriate  variables. 
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Employing  the  continuity  equation  along  with  isentropic  relations  gives  the  well-known 
equation  for  the  mass  flow  rate  of  a  calorically  perfect  gas  through  a  channel  of  varying  cross 
section, 


2y _ y/h 


/  D  ^ 


2/y 


11/2 


(r+  l)/y 


(1) 


Writing  the  term  as  a  linear  function  of  the  factor,  adding  a  conversion  factor  to  express  the 
mass-flow  rate,  Mslm  ’  ^  units  of  Standard  Liters  per  Minute  (SLM),  and  solving  for  the  factor 
yields 
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and  is  the  proportional  constant  which  relates  the  factor  to  the  effective  orifice  area.  Note 
that  the  term  from  Eq.  (1)  is  included  in  where  is  assumed  to  be  room  temperature 


(300  K). 


From  this  point,  we  need  to  determine  as  a  function  of  known  values.  This  will  be  achieved 
by  working  backwards  from  known  conditions  at  the  large  plenum,  taking  into  account  the  pressure 
losses  due  to  friction  along  the  high  L/D  fill  tube. 


Following  the  work  by  Shames  [5],  which  addresses  pressure  loss  along  the  fill  pipe  due  to 
shear  stress  at  the  pipe  wall,  a  relation  between  the  upstream  Mach  number  and  other  system 
parameters  is  given  as 


In 


>  — H 

^M2(2+(y-l)M|) 


(4) 


where  and  are  the  Mach  numbers  at  upstream  station  2  and  at  the  entrance  to  the  ram  tube 
just  prior  to  the  fitting  restriction,  respectively.  The  constant  diameter  of  the  fill  pipe  is  given  by  D , 
and  L  is  the  length  of  the  fill  pipe.  The  fiiction  coefficient,  <I> ,  is  a  function  of  the  Reynolds  number, 
the  diameter  of  the  fiU  pipe,  and  the  pipe  roughness  parameter,  e  ,  and  for  the  Reynolds  numbers  of 
interest  can  be  written  as 
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where  the  parameters  e  and  D  have  been  empirically  determined  for  the  ram  accelerator  fill  pipe 
to  be  0.03175  mm  and  3.861  mm  respectively. 

Employing  the  continuity  equation,  the  ideal  gas  law,  the  definition  of  the  Mach  munber,  and 
adding  a  unit  conversion  factor,  an  expression  for  the  Mach  number  at  the  entrance  to  the  ram  tube 
can  be  derived  as 


^SLM^s 
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W 

yVu 
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where  all  variables  must  be  expressed  in  SI  units,  excepting  which  is  in  Standard  Liters  per 
Minute. 


Isentropic  relations  along  with  the  continuity  equation,  the  definition  of  the  Mach  number  and  the 
ideal  equation  of  state  give 
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Finally,  by  assuming  isentropic,  incompressible  conditions  from  the  exit  plane  of  the  valve  to  sta¬ 
tion  2  and  employing  the  continuity  equation  and  Euler’s  equation,  the  pressure  at  the  valve  orifice 
is  shown  to  be 


C 


+  1 


(8) 


Equations  (2)  through  (8)  constitute  a  complete  set  of  relations  which  may  iteratively  solved 
for  the  required  valve  factor  as  a  function  of  known  system  parameters  and  flow  conditions. 
These  equations  have  been  numerically  solved  for  the  range  of  flow  conditions  that  the  control 
system  must  cope  with,  and,  along  with  considerations  of  linearity  and  fine-control  capability,  have 
helped  to  determine  that  the  Whitey  SS-21RS4  micro-metering  valve  (0  ^  ^  0.007 )  will  integrate 
well  with  the  control  system. 

The  actuation  of  the  valve  has  been  achieved  with  a  switched  servo  motor  provided  by  ETI 
Systems.  The  standard  motor  speed  of  8  rpm  yields  a  3  SLM/sec  rate  of  change  in  the  mass-flow 
rate  imder  typical  controller  operating  conditions  which  provides  fine  control  capability  without 
sacrificing  speed  of  operation. 


Prototype  Dynamic  Modelling 

Referring  to  Fig.  5,  the  mass-flow  meter  has  been  placed  immediately  upstream  of  the  control 
valve.  In  this  way  the  meter  and  valve  can  be  kept  close  together,  but  any  turbulence  added  to  the 
flow  by  the  valve  will  not  affect  the  meter.  Additionally,  having  the  meter  upstream  of  the  valve 
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Figure  5.  Prototype  control  system  schematic. 


keeps  the  pressure  of  the  gas  flowing  through  the  meter  roughly  constant  which  increases  the 
precision  of  the  mass-flow  measurements. 


Mass-flow-meter  Dynamic  Response  Measurements 

The  time  response  of  the  mass-flow  meter  can  be  accurately  modelled  as  a  simple  first-order 
lag.  Step  changes  in  mass-flow  rate  were  applied  to  the  mass-flow  meter  by  quickly  opening  or 
closing  a  valve  and  recording  the  meter  ouqjut  voltage.  The  response  data  were  normalized  to  a 
final  value  of  unity  and  the  resulting  transfer  function  for  the  flow  meter  has  been  determined  to  be 

_  5.85x10“^  Volts 

(j  +  0.2339)  5LM  ^  ’ 

with  a  conversion  factor  of  0.025  (V/SLM)  included  since  the  ouQjut  of  the  meter  is  in  Volts,  and 
the  mass-flow  rate  is  treated  in  SLM  (Fig.  6). 

Control  Valve  and  Actuator  Modelling 

The  control  valve  factor  is  accurately  modelled  as  a  linear  function  of  the  number  of 
revolutions  of  the  valve  stem,  and  the  motor  speed  of  the  switched  actuator  is  modelled  by  a 
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Figure  6.  Measurements  of  the  mass-flow-meter  response  to  a  step  input  were  made 

for  several  mass-flow  rates  and  the  results  normalized  to  unity.  The  data 
was  then  fit  with  a  first  order  exponential  function  as  shown. 


constant  value,  either  positive  or  negative  depending  upon  the  sign  of  the  input  voltage.  The 
mathematical  model  for  the  valve  is  the  following 


(10) 


An  equation  can  easily  be  written  for  in  terms  of  measurable  quantities  in  the  following 
way, 


(11) 


where  is  the  number  of  revolutions  of  the  valve  stem.  These  quantities  have  been  empirically 
determined  and  are  given  in  Table  1  along  with  the  value  for  ,  where  gpm^  refers  to  the  units 
of  the  Cy  factor  (gallons  per  minute  of  water  which  will  flow  tmough  the  orifice  with  a  pressure 
drop  of  1  psi). 

Due  to  the  actuator  motor  switch,  regardless  of  the  magnitude  of  the  input  voltage,  the  rate  at 
which  the  motor  turns  is  constant.  This  simple  nonlinearity  is  easily  analyzed  in  terms  of  the 
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Table  1:  Valve/Actuator  Parameters 


K 

'‘revolution' 

A(C^) 

■  - 

a 

'8pm{ 

sec 

A(/?„) 

jevolution^ 

.  sec  ^ 

1.261x10  ^ 

9.33x10“^ 

1.177x10“^ 

equivalent  describing  function  linear  model  which  is  a  gain  term  that  is  a  function  of  the  actuator 
input  voltage,  ,  as  shown  here 


K 


V 


This  gives  the  following  linearized  transfer  function  for  the  factor 


(12) 


C,{s)  _K^ 


(13) 


The  maximum  value  of  will  occur  near  steady-state  conditions  when  (^)  |  is  a  minimum. 
The  valve  actuator  has  a  dead-zone,  »  between  ±0.02  Volts  so  that  the  value  of  wiU  never 
become  infinite  in  this  control  system,  and  the  gain  of  the  compensator  will  be  able  to  change  the 
error  value  magnitude  at  which  the  system  reaches  steady-state.  The  maximum  value  of  to  be 
encountered  during  operation  is  given  approximately  by  the  following  relationship 


K 


4  \ 


K 


Cl 


n 


\^Dz\  • 


(14) 


where  the  subscript,  cl ,  refers  to  the  elements  of  a  forward  loop  control  law  (Fig.  2).  This  relation¬ 
ship  wiU  be  employed  during  the  control  law  design  phase  to  help  determine  stability  limits. 


Mass-flow-rate  Dynamics 

A  simplified  model  of  the  mass- flow-rate  dynamics  is  obtained  by  rearranging  Eq.  (2)  to  obtain 

^SLM  = 

is  empirically  determined  by  setting  the  valve  to  a  known  factor,  and  by  setting  and 
to  known  values  and  then  measuring  •  These  measurements  lead  to  the  following  value 

K  =  7.1475x10’^  (16) 

CV 

Making  use  of  Eq.  (15),  a  linearized  transfer  function  for  the  mass-flow-rate  dynamics  is 
obtained  by  noticing  that  the  pressure  terms  will  generally  remain  constant  during  normal 
operations  of  the  control  system  (choked  flow  and  regulated  upstream  pressure,  P^  ).  However,  if 


^  p  \ 


2/y 


(Y+  l)/y 


in 


(15) 
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should  drop  below  the  regulator  level,  the  volume  of  the  source  gas  plenum  is  relatively  large 
so  that  the  rate  of  change  of  Pj  will  be  very  small  compared  to  the  other  dynamic  terms  in  the 
system.  If  the  flow  through  the  control  valve  should  unchoke,  since  the  ram  tubes  also  have  large 
volumes,  the  /P^  terms  will  also  have  relatively  small  rates  of  change.  Therefore,  the  mass-flow¬ 
rate  dynamics  may  be  adequately  described  with  the  following  linear  transfer  function 

UlsLM^s)  (17) 

where  wdl  have  a  range  of  values  for  which  the  control  laws  must  be  designed  to  operate. 

The  upper  gain  limit,  easily  determined  by  the  use  of  Eq.  (15),  occurs  when  the  flow  through 
the  valve  is  choked  and  the  upstream  pressure  is  at  the  maximum  value  of  1000  psig.  The  minimum 
gain  is  slightly  more  difficult  to  find,  but  can  be  computed  with  the  help  of  the  computer  program 
that  was  used  for  sizing  the  control  valve.  By  running  the  program  for  the  case  where  ^  is  a 
minimum  (about  400  psig  for  the  ram  accelerator)  and  where  the  mass-flow  rate  is  a  minimum 
(about  50  SLM  for  nitrogen),  the  computed  values  of  P^  and  P^  corresponding  to  the  maximum 
Cy  factor  for  the  valve  (0.007)  can  be  used  to  determine  the  maximum  gain  (Eq.  (18)). 

7x10^  60x10^  (18) 

These  limits  define  the  gain  range  for  which  the  gas  mixing  system  must  provide  robust  control. 

Mass-flow-rate  Control  Law  Design 

As  mentioned  in  the  introduction,  the  control  of  the  mass  ratio  of  two  (or  more)  gases  is 
achieved  by  setting  the  mass-flow  rate  of  a  primary  gas  to  a  constant  value  and  then  controlling  the 
integrated  mass  ratio  of  the  secondary  gas(es)  relative  to  the  primary  gas  with  a  separate  control 
law. 

The  block  diagram  representation  of  the  mass-flow-rate  controller  appears  in  Figure  7.  As 


Mass-flow  Meter 

Figure  7.  This  block  diagram  represents  the  system  model  used  for  analyzing  the 
mass-flow-rate  controller. 
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noted  earlier,  the  switching  action  of  the  valve  means  that  the  gain  of  the  control  law,  ,  is  unable 
to  adjust  system  dynamics  in  the  usual  way.  The  control  law  gain  can  scale  the  actuator  input 
voltage  such  that  steady-state  is  reached  at  a  desired  level  of  mass-flow  rate  accuracy,  but  the 
actuator  will  open  (or  close)  the  valve  at  the  same  rate  regardless  of  the  magnitude  of  the  input 
voltage;  the  actuator  only  differentiates  between  positive  and  negative  voltage.  For  this  reason,  the 
control  law  dynamic  parameters  (poles  and  zeros)  must  be  chosen  such  that  the  system  response 
wUl  be  robust  over  the  entire  variable  gain  range. 

As  previously  mentioned,  the  valve  actuator  has  a  dead-zone  between  ±0.02  Volts  so  that  if  the 
input  to  the  actuator  drops  within  this  range,  the  control  system  will  be  in  steady-state.  This  is  not 
desirable  until  the  mass-flow  rate  has  been  set  to  an  acceptable  level  of  accuracy.  The  control  law 
gain,  K^^ ,  can  be  used  to  scale  the  actuator  input  voltage  in  order  to  set  the  accuracy  of  the  mass- 
flow-rate  controller,  carefully  noting  that  too  high  of  a  value  for  may  cause  continuous  small 
amplitude  oscillations  due  to  system  noise. 

An  expression  for  the  steady-state  error  in  terms  of  percent  error  is  given  by 


^ref 


M. 


ref 


(19) 


where  is  the  percent  error  between  the  measured  mass-flow  rate  and  the  reference  command 
mass-flow  rate. 


The  steady-state  gain  of  the  control  law  will  be  given  by  the  following  equation 


TTz 


(20) 


When  the  steady-state  gain  is  multiplied  by  the  desired  minimum  steady-state  error  term,  the 
result  should  equal  0.02  Volts  or  greater  so  the  valve  actuator  will  still  actively  control  the  flow  to 
this  point.  Multiplying  Eqs.  (19)  and  (20)  and  solving  for  gives 


Y]z-lifrefE^ 


(21) 


This  equation  is  easily  programmed  to  allow  the  user  of  the  control  system  to  set  the  control  law 
gain  for  any  desired  value  of  E^. 

For  a  simple  first-order  control  law,  the  range  of  effective  system  gain  for  which  the 
compensator  must  provide  robust  control  can  be  found  by  applying  Eqs.  (14)  &  (18).  Utilizing  root 
locus  plots  and  nonlinear  simulations  quickly  helps  to  determine  that  the  following  control  law  will 
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provide  robust  control  without  excessive  oscillations  to  set  the  mass-flow  rate  to  within  1%  of  the 
maximum  command  value  (200  SLM,  or  5  Volts) 

^  17.1(5  +  0.2339)  (22) 

(■s)  " 

Note  that  the  gain  margin  for  the  system  with  this  particular  control  law  can  easily  be  shown  to 
be  infinite  so  that  stability  of  the  control  system  is  guaranteed  for  all  positive  gain  values. 

Mass-ratio  Control  Law  Design 

For  mass-ratio  control,  as  seen  in  the  block  diagram  (Fig.  8),  an  integrator  must  be  added  to  the 


Control  Valve  ^  Flow. 

Law  Actuator  Dynamics 


Filter  Mass-flow  Meter 

Figure  8.  With  the  addition  of  the  integrator  in  the  forward  loop,  and  the  filter  in 
the  feedback  path,  the  control  of  mass  ratios  can  be  achieved. 


control  law  in  order  to  drive  the  mass-ratio  error  (not  just  the  error  in  the  ratio  of  mass-flow  rates) 
to  zero,  and  this  places  a  second  pole  at  the  origin,  bringing  the  system  transfer  function  to  third 
order. 

Since  the  reference  input  value,  ,  is  the  mass-flow  rate  of  the  primary  gas,  the  feedback 
value,  ,  must  be  made  to  represent  what  the  mass-flow  rate  of  the  primary  gas  should  be  in 
order  to  obtain  the  correct  mass  ratio  between  the  secondary  and  primary  gases.  Defining  the 
desired  mass  ratio  in  the  following  way 

PM  1 

91  =  (23) 

S  XM 

J^pj  desired 

the  feedback  term  must  be,  simply. 
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The  desired  mass  ratio,  is  known,  but  is  not  directly  available  in  this  system.  The 
measurement  of  the  mass-flow  rate  comes  from  the  mass-flow  meter  which  equals  the  true  mass- 
flow  rate  only  in  steady  state.  A  filter  may  be  employed,  however,  which  effectively  compensates 
for  the  lag  in  the  reading  from  the  mass-flow  meter.  This  minimizes  the  integral  error  so  that  the 
mass  ratios  may  be  much  more  quickly  set.  Without  the  filter,  an  overshoot  of  a  few  percent  with 
a  very  long  decay  time  constant  must  be  tolerated  as  was  discovered  during  nonlinear  simulations 
and  during  subsequent  testing  of  the  mass-ratio  control  system. 

The  system  transfer  function  with  the  mass-flow-meter  pole  effectively  cancelled  by  the  filter 
is  given  by 


(s  + 10)  5.85x10'^) 


(25) 


where  and  are  the  numerator  and  denominator  dynamic  terms  of  the  control  law,  and 
is  defined  such  that  the  steady-state  gain  of  the  filter  is  equal  to  1/91^ .  The  definition  is,  simply, 

"  (0.2339) 

The  use  of  a  third-order  controller  (in  addition  to  the  integrator)  makes  the  characteristic 
equation  of  the  closed-loop  transfer  function  sixth- order.  The  third  order  controller  has  six 
parameters  (three  poles  and  three  zeros)  which  may  be  used  to  set  the  poles  of  the  system  transfer 
fimction  as  desired.  One  must  only  be  careful  to  adhere  to  any  physical  limits  imposed  by  the 
system  hardware. 

The  denominator  polynomial  of  the  system  transfer  function  is  written  as 


(5)  =  (5)  •  ( 5)  •  [  (s  +  ?j)  (s + ?2)  (^  +  ^3)  ]  (27) 

+N^is)  N^is)  •  [(J  +  Zj)  (5  +  Z2)  (5  +  Z3)] 

When  the  pole  and  zero  terms  are  expanded,  and  the  constant  terms  are  placed  on  the  right  side, 
Eq.  (27)  can  be  written  in  the  following  summation  form 


£  [(oflO.)  O/jC.)  “(/-i)  +('*<!<».)  "s'V  ■‘'otz)] 

/  =  1 

=  -.3(D^(.„) 


(28) 
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with 


ao  =  F,+F2+P3  (29) 

=/>i?2  +  ^r^3  +  ^2-^3  (30) 

a^  =  P^P^P^  (31) 

a3=Zj+Z2+Z3  (32) 

a,  =Zi-Z2+ZjZ3  +  Z2-Z3  (33) 

^s  =  ^x-^ih  (34) 

Equation  28  must  then  be  written  n  times  (n  =  6  in  this  case),  once  for  each  value  of  that 
coincides  with  a  desired  pole  location  of  the  system  transfer  function.  The  resulting  values  for 
must  be  used  in  conjimction  with  Eqs.  (29)  through  (34)  to  solve  for  the  control  law  pole  and  zero 
values.  The  third  order  control  laws  found  in  this  way  for  this  system  generally  have  a  pole  and  a 
zero  at  nearly  equal  values  which  can  be  cancelled  to  reduce  the  control  law  order  to  2.  This 
simplifies  the  implementation  of  the  control  system  and  through  analysis  was  shown  not  to 
significantly  alter  the  system  response. 

Through  iterative  frequency  response  analysis  of  the  linearized  system,  and  through 
simulations  of  the  nonlinear  system,  the  following  control  law  design  has  been  shown  to  produce 
desirable  characteristics 


^  is +  33.6)  (5  +  0.305) 

(5)  5  (5  +  19.03)  is  + 10.8) 

and  the  filter  transfer  function  is  given  by 

_  (42.7533)  (5  +  0.2339) 

91,(5+10) 

TTl 

Once  again  utilizing  Eq.  (21),  a  control  law  gain  of  K^i  =  8.02  is  determined  to  set  the  steady- 
state  mass-flow  rate  of  the  secondary  gas  to  within  1%  of  the  maximum  mass-flow  rate  (200  SLM, 
or  5  Volts).  Analysis  of  this  control  law  demonstrates  that  the  system  is  stable  for  the  entire 
effective  gain  range  of  the  system  (computed  with  Eqs.  (14)  &  (18)).  As  the  effective  gain 
approaches  zero  (as  would  happen  if  the  error  term  approached  infinity),  the  gain  margin 
approaches  infinity  and  the  phase  margin  approaches  zero.  The  gain  margin  monotonically 
decreases  to  a  value  of  2.13  db  at  the  maximum  effective  system  gain  ( =  354  ).  The  phase 
margin  increases  to  a  maximum  of  61.0091  deg.  at  =  35  and  then  decreases  to  a  value  of  8.11 
deg.  at  K^yy  .  Note  that  even  if  this  system  is  driven  to  instability  (by  increasing  too  much), 
this  win  on^°result  in  a  small  amplitude  steady-state  oscillation.  This  is  due  to  the  manner  in  which 
the  nonlinear  actuator  motor  switch  operates.  As  the  error  term  increases,  the  effective  system  gain 
decreases,  and  this  brings  the  effective  system  gain  back  into  the  stable  region.  Nonlinear 
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simulations  have  again  been  used  to  verify  the  results  of  the  linear  analysis  and  have  also  been  used 
to  help  tune  the  controller  parameters  for  a  desirable  output  response. 

Experimental  Results 

A  Macintosh  Ilci  nmning  Labview  n  software  from  National  Instruments  has  been  employed 
for  data  acquisition  and  the  implementation  of  the  discretized  continuous  time  control  laws 
developed  previously.  Several  data  runs  have  been  made  with  both  the  mass-flow-rate  controller 
and  the  mass-ratio  controller  flowing  nitrogen  gas  in  order  to  demonstrate  the  following: 

•  That  the  mass-flow-rate  controller  is  capable  of  setting  and  maintaining  constant  mass-flow 
rates  to  within  a  high  degree  of  accuracy. 

•  That  the  mass-ratio  controller  is  capable  of  setting  and  maintaining  the  mass  ratio  between 
two  gases  to  within  a  high  degree  of  accuracy. 


Mass-flow-rate  Controller 

With  a  unity  feedback  scheme  (no  control  dynamics),  the  mass-flow-rate  controller  is  stable, 
but  the  step  response  is  oscillatory  with  a  relatively  long  decay  constant  (Fig.  9)  which  shows  that 
a  control  law  is  required  for  mass-flow-rate  control.  Notice  that  although  the  nonlinear  simulation 
data  does  not  match  exactly  with  the  empirical  measurements,  the  shape  of  the  response  is  similar, 
and  the  frequency  of  oscillation  is  reasonably  well  matched. 

In  Fig.  10  appears  the  response  of  the  mass-flow-rate  control  system  to  the  same  50  SLM  step 
command  input  as  in  Fig.  9,  but  with  the  control  law  implemented  as  designed.  The  oscillations 
have  been  eliminated,  and  the  speed  of  response  is  as  quick  as  the  hardware  allows.  The  control 
voltage  input  to  the  valve  actuator  is  plotted  vs.  time  along  with  the  measured  mass-flow  rate  vs. 
time  to  demonstrate  that  although  the  mass-flow  meter  shows  a  lag  in  response,  the  control  voltage 
reaches  zero  very  quickly.  At  this  point,  the  valve  has  reached  steady  state  meaning  that  the  mass- 
flow  rate  has  been  set  constant  within  about  six  seconds,  while  the  lagged  response  of  the  meter 
cannot  verify  this  for  as  long  as  25  seconds.  The  theoretical  simulation  data  appear  with  the 
empirical  data  and  show  excellent  agreement. 

The  next  set  of  data  demonstrates  the  operation  of  the  mass-flow-rate  controller  imder  different 
upstream  pressure  conditions.  In  Figs.  9  and  10,  the  upstream  pressure  was  set  to  1000  psig,  while 
in  this  case  (Fig.  11),  the  upstream  pressure  has  been  reduced  to  625  psig.  Additionally,  the 
nitrogen  was  allowed  to  flow  until  the  pressure  had  equalized  between  the  source  and  fill  tanks  to 
help  determine  the  limit  of  the  controller’s  ability  to  maintain  a  mass-flow  rate  under  these 
conditions.  The  plots  show  that  the  control  system  is  operating  very  well  imder  these  lower 
pressure  conditions,  and  that  the  mass-flow  rate  is  kept  to  within  1%  of  the  command  value  until 
the  fill  tank  pressure  reaches  about  85%  of  the  upstream  pressure.  In  this  case,  the  valve  orifice 
unchokes  at  about  71  seconds  yet  the  mass-flow  rate  is  maintained  roughly  constant  for  another  45 
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Figure  9.  The  response  of  the  mass-flow-rate  control  system  to  a  50  SLM  step 
command  with  a  simple  unity  feedback  scheme  showing  that  control 
dynamics  are  necessary.  Both  experimental  and  simulation  data  appear 
in  the  plot.  Upstream  pressure:  1000  psig 

seconds,  which  is  a  significant  improvement  over  the  sonic  orifice  method  of  setting  mass-flow 
rates. 


Mass-ratio  Controller 

Measurements  of  the  mass-ratio  control  system  have  been  made  in  order  to  demonstrate  that 
the  control  law  is  operating  as  designed.  Independent  measurements  of  the  accumulating  mass 
have  also  been  made  during  these  runs  in  order  to  determine  the  accuracy  limitations  in  the  mass- 
ratio  control  system. 

The  error  in  the  final  mass  ratio  to  be  set  by  this  control  system  depends  upon  two  factors:  the 
integral  error  of  the  mass-flow-meter  reading,  and  the  error  introduced  in  the  control  loop  due  to 
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Figure  10.  With  the  first  order  control  law  in  operation,  the  step  response  of  the 
mass-flow-rate  controller  is  greatly  improved.  Note  that  the  control 
voltage  input  to  the  actuator  indicates  steady-state  conditions  have  been 
reached  within  6  seconds,  approximately  20  seconds  before  the  mass- 
flow  meter  can  verify  this.  Upstream  pressure:  1000  psig. 

discrete  integration.  With  these  factors  accounted  for,  the  percent  error  in  the  final  mass  ratio  is 
given  by 


where  the  percent  error  in  the  mass-flow-meter  measurement,  ,  has  been  assumed  to  be  equal  in 
magnitude  for  the  computation  of  the  command  mass  error  and  the  feedback  mass  error.  This  rela¬ 
tionship  shows  that  the  error  in  the  mass  ratio  is  about  twice  that  of  the  error  in  the  mass-flow-rate 
measurement  so  that  the  mass-flow  meters  must  be  calibrated  to  twice  the  accuracy  that  the  final 
mass  ratio  is  desired  to  have. 


Since  the  prototype  system  consists  of  only  one  valve  and  meter,  the  command  signal  to  the 
mass-ratio  control  system  must  be  simulated.  This  is  accomplished  by  applying  a  step  command 
input  with  the  computer  software  which  simulates  the  case  where  the  primary  gas  is  already 
flowing  at  a  constant  rate  when  the  mass-ratio  control  system  is  turned  on.  All  runs  use  nitrogen 
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Figure  11.  With  a  lower  upstream  pressure  of  625  psig,  the  control  system  stiU 
demonstrates  excellent  performance.  The  command  mass-flow  rate  is 
maintained  until  the  fill  tank  pressure  reaches  about  85%  of  the 
upstream  pressure.  The  theoretical  unchoking  point  occurs  at  =  305 
psia  which  corresponds  to  t  =  71  seconds. 

gas,  and  the  system  is  set  up  to  achieve  mass  ratios  equal  to  unity  for  simplicity  in  the  data 
reduction. 

The  first  set  of  data  (Fig.  12)  has  been  recorded  with  an  upstream  gas  pressure  of  1000  psig  and 
a  simulated  command  input  of  50  SLM.  The  plot  of  mass  ratio  vs.  time  shows  both  the  data  from 
within  the  control  loop  and  that  from  the  pressure  and  temperature  calculations  of  the  accumulated 
mass.  The  control  loop  data  demonstrates  that  the  control  law  is  operating  properly  by  setting  the 
mass  ratio  to  the  command  value  of  unity.  A  disCTCpancy  of  about  5%  between  the  two  independent 
measurements  arises  from  the  error  in  the  pressure  and  temperature  measurements  and  whatever 
error  exists  in  the  mass-flow-meter  calibration.  The  narrowing  of  the  accuracy  limits  for  the  mass- 
ratio  controller  may  require  a  more  accurate  calibration,  but  the  independent  measurements  are 
within  the  experimental  error  of  the  measurement  probes  so  that  the  concept  of  mass-ratio  control 
has  been  validated. 
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Figure  12.  The  mass-ratio  controller  operating  with  nitrogen  gas  at  an  upstream 
pressure  of  1000  psig  demonstrates  that  the  control  law  operates 
properly.  The  plot  of  control  actuator  input  shows  that  the  valve  has  been 
set  to  its  steady-state  value  in  imder  6  seconds. 

The  second  set  of  data  (Fig.  13)  shows  the  operation  of  the  mass-ratio  controller  imder  lower 
pressure  conditions  for  the  same  simulated  command  input  of  50  SLM.  The  control  system  appears 
to  be  very  effective  in  this  case  and  the  pressure  and  temperature  data  are  in  better  agreement  than 
before.  Whether  or  not  this  is  an  effect  due  to  the  varying  pressure  cannot  be  verified  without 
employing  measurement  probes  with  higher  accuracy. 

Conclusion 

The  concept  of  setting  mass  ratios  with  a  feedback  controller  employing  RTD  mass-flow 
meters  and  switched  servo  actuated  valves  has  been  validated.  The  operation  of  both  the  mass-flow 
rate  and  the  mass-ratio  control  subsystems  have  been  verified  through  independent  measurements 
of  accumulated  mass  to  work  within  experimental  accuracy.  Furthermore,  the  analysis  in  this  paper 
has  shown  that  the  accuracy  of  this  type  of  feedback  controlled  gas  mixing  system  is  dependent 
only  upon  the  calibration  accuracy  of  the  mass-flow  meters  that  are  employed.  Subsequent  analysis 
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Figure  13.  The  mass-ratio  controller  operating  with  nitrogen  gas  at  an  upstream 
pressure  of  600  psig  demonstrates  that  the  control  law  can  still  maintain  an 
accurate  mass-ratio  setting  under  different  pressure  conditions.  The  plot  of 
control  actuator  input  vs.  time  shows  that  the  valve  has  reached  steady 
state  within  about  12.5  seconds. 

at  the  University  of  Washington  [6]  has  demonstrated  that  this  type  of  control  will  also  work  with 
CO^ ,  which  exhibits  non-ideal  behavior. 
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Abstract: 

After  a  description  of  both  the  facility  organization  and  the  projectile-sabot  design,  this  paper 
deals  in  particular  with  the  RAMAC  90  working  in  the  thermally  choked  propulsion  mode  or 
subdetonative  combustion  mode.  The  first  part  of  the  paper  concerns  the  whole  starting  process  and 
particularly  the  fine  control  of  the  ignition  source  location  at  the  rear  of  the  projectile  .  The  second 
part  gives  the  performances  of  the  RAMAC  90,  organized  either  in  single  stage  (i.  e.  by  using  only 
one  ternary  explosive  gas  mixture  composed  of  methane,  oxygen  and  nitrogen)  or  in  two  stages  (two 
successive  gas  mixtures  separated  by  a  3  mm  thick  PVC  diaphragm)  working  only  in  the  thermally 
choked  propulsion  mode.  The  way  through  the  two  different  mixtures  was  achieved  without  any 
difficulty.  For  a  projectile  mass  of  1.340  kg,  a  RAMAC  length  at  present  of  16.2  m  (or  180  calibers^ 
an  entrance  velocity  of  1335  m/s  and  an  initial  filling  pressure  in  the  range  3  -  4,5  MPa,  the 
maximum  exit  velocity  was  about  2  km/s  and  the  average  acceleration  T  in  the  range  3.5-7  kG's.  The 
average  ballistic  efficiency  was  0.22.  Owing  to  the  results  concerning  the  combustion  zone  at  the  rear 
of  the  projectile  (pulsating  phenomenon),  the  understanding  of  the  thermally  choked  propulsion  mode 
is  now  better.  According  to  the  projectile  velocity  achieved,  avoiding  problems  such  as  a  strong 
balloting  motion  of  the  projectile  provoked  by  the  crossing  of  the  transdetonative  propulsion  mode, 
the  RAMAC  90  is  now  well  suitable  for  the  first  experiments  in  the  superdetonative  propulsion  mode 
(ratio  projectile  velocity/C.J.  detonation  speed  >  1.20).  Nevertheless,  to  avoid  too  fast  an  ablation  and 
an  erosion  of  the  fins,  the  projectile  will  be  realized  in  a  material  with  better  mechanical  and  thermal 
properties  than  the  magnesium  alloy,  such  as  titanium  alloy. 

1  Introduction 

The  feasibility  of  the  ram  accelerator  as  a  means  of  achieving  high  velocities  has  been  extensively 
demonstrated  in  38  mm  caliber  at  the  U.W.  (University  of  Washington,  Seattle)  since  1986  [1].  The 
main  advantage  of  a  RAMAC  for  numerous  ballistic  applications  is  now  well-known:  the  ability  to 
impart  a  smooth-tailored  acceleration  to  a  projectile  or  to  an  instrumented  test  model,  i.e.  to  realize  a 
"soft  launch",  particularly  at  very  high  velocities.  This  is  due  to  the  fact  that  the  energy  is  distributed 
along  the  ram  stages  instead  of  being  concentrated  in  the  combustion  chamber  as  is  usual  in 
conventional  accelerators.  In  order  to  study  the  scale  effect  for  the  ram  basic  principles,  in  terms  of 
both  geometrical,  physical  and  chemical  conditions,  ISL  has  developed  a  90  mm  caliber  facility  and  a 
30  mm  caliber  facility  named  respectively  RAMAC  90  ([2]  to  [5])  and  RAMAC  30  [6]. 

The  goals  of  the  present  paper  devoted  to  the  RAMAC  90  are: 

-to  state  the  experimental  conditions  in  which  the  reproducibility  of  the  starting  process  in  the 
thermally  choked  propulsion  mode  is  better  than  99%,  i.e,  compatible  with  ballistic 
applications; 

-to  demonstrate  that  a  better  in-bore  guidance  of  the  projectile  allows  to  minimize  the  balloting 
phenomenon  ([5, 6])  and  to  obtain  an  excellent  reproducibility  of  the  RAMAC  performances  in 
terms  of  velocity  and  acceleration  also  compatible  with  ballistic  applications; 


-to  highlight  experimentally  the  problems  (erosion,  ablation)  provoked  on  the  projectile 
materials  by  too  long  a  flight  time  into  the  R.^MAC  associated  with  the  projectile  velocity  level 
[A  Sj.  ^ 


In  this  paper,  results  of  experimental  investigations  in  the  thermally  choked  propulsion  mode  are 
given  for  an  appropriate  reactive  gas  mixture,  the  projectile  body  and  its  sabot  remaining  unchanged. 
No  on-board  or  extemal  ignition  devices  have  been  used.  The  parameters  are  only  the  filling  pressure 
(in  the  range  3  -  4,5  MPa)  and  the  number  of  fins  of  the  projectile,  the  entrance  velocity  of  the  latter 
being  about  1335  m/s  (Mach  number  ~4). 


2  Experimental  fad lity  [2,  4,  9] 


Hie  RAMAC  90  facility  is  located  in  the  launch  room  of  the  aerobaHistic  range  facility  at  ISL.  It  is 


mainly  composed  by  the  ram  accelerator  itself, 
the  gas  handling  system,  the  data  acquisition 
system,  the  gas  chromatography  system  and  the 
X-rays  radiography  system  (Fig.  i). 

2.1  The  ram  accelerator  or  R/\MAC  90  (Fig.  2) 
the  RAMAC  90  is  a  modular  launcher,  every 
module  being  a  3  meter  long  smooth  bore.  Hie 
final  conriguraiion  of  the  RAMAC  90  could  be 
easily  adapted  to  the  desired  velocity  level. 

The  pre-accelerator  is  a  conventional  90L60  (i.e. 
90  mm.  caliber,  60  caliber  long)  smoolii  bore 
powder  gun  which  can  accelerate  a  total  mass  of 
2.5  kg  (projectile  and  sabot)  at  velocities  op  to 
1800  m/s.  Hie  peak  acceleration  is  below 


Fig.  I 

45  kG's.  The  next  element:  connected  to  the  gun  muzzle  is  a  4  meter  long  interface  largely  described  in, 


[9,  lOj. 

Finally,  the  ram.  accelerator  itself  is  composed  of 
a  riexible  number  of  ram  modules  connected  to 
the  interface;  each  of  them  can  be  filled  with  an 
appropriate  mlxt:are.  Hie  realization  of  the 
reactive  gas  mixture,  such  as  methane-oxygen.- 
rdtrogen  in  various  amounts  of  each  component, 
is  achieved  by  means  of  remote  computer- 
controlled  thermal  massflow'  regulators.  Samples 
are  collected  during  tiie  filling  phase  and 
anah/zed  afterwards  by  gas  chramatography 
[10],  For  the  present  w'ork,  the  RAMAC  90  has 
been  organized  either  in  single  stage  or  in.  tw'o 
stages  (two  successive  gas  mixtures  separated  by 
a  3-mm  thick  PVC  diaphragm).  To  date,  the 
total  number  of  moduies  is  5.  The  total  length  of  the  ram  tube  is  then  16.2  meters  or  ISO  calibers. 

The  RAMAC  90  is  obturated  at  both  ends  with  instmmented  diaphragms  made  of  PVC  [10|.  Tneir 
thickness  depends  on  the  initial  gas  pressure.  For  safety  reasons,  the  long  interface  and  the  ram. 
accelerator  are  totally  inslalled  inside  a  large  m.eta.!lic  vessel  (2  m  diameter)  which  is  also  modular.  At 
the  end  of  this  vessel,  through  a  telescopic  device,  the  projectile  penetrates  into  the  deceleratot 
moving  along  rails  in  which  it  is  stopped  and  finally,  partially  or  totally  destroyed  [5,  9].  To  date,  the 
overall  length  of  the  facility  is  33  meters. 
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2.2  The  prqiectils 

A.  projectile  for  ram  accelerators  is  composed  of 
two  main  parts:  the  projectile  itself  or  tiie  ram 
projectile  and  its  sabot.  They  are  both  equipped 
with  a  magnetic  ring.  Accordingly,  their 
trajectories,  i.e.  time  -  distance  histories,  are 
unambigoously  reconstructed  through  electro- 
magnetic  transducers  [3, 9, 10], 

2,2,1  the  nrojectile  is  a  finned  projectile. 

The  conception  and  the  design  of  such  a 
projectile  has  been  proposed  and  largely 
described  by  Herzberg,  Brackner, 
Bogdanoff  et  ah  [1,  11|. 

ISL's  prcyectiie  shape  is  very  similar  to 
the  U.W/s  one  [5], 

Previously  ([2]  to  [5]),  a  great  number  of 
experiments  have  been  achieved  at  ISL 
with  the  4-lin  model  given  Fig.  3a. 

In  the  present  work,  the  in-bore  guidance 
of  the  projectile  is  upgraded  (Fig.  3b):  the 
length  of  the  fins  is  greater  than  before, 
about  1  caliber,  and  consequently,  the 
center  of  gravity  CG  is  well  placed.  Tlie 
total  length  of  the  projectile  Ls  393  mm 
instead  of  322  mm.  The  number  of  fins 
can  be  4,  5  or  6.  Their  thickricss  is 
calculated  as  follows: 
a-  In  a  given  cross-sccrion  of  the 
afterbody,  the  total  area  is  maintained, 
whatever  the  number  of  fins.  Conse¬ 
quently,  the  mass  of  the  afterbody 
remains  unchanged. 

b-  Toe  total  base  area  of  the  projectile  is 
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Fig.  3a 


Fig,  3b 


the  same  as  the  one  given  by  the  first  model  of  projectile  (Fig.  3a). 


INumber  oi  tins 

1  ^  I  5  , 

6 

iTaickness  \mm] 

1-  9  i  7.2 

6 

Finally,  the  guiding  surface  has  been  increased  by  the 
factor  2.55. 


A  2  mm  deep  step  is  machined  at  the  top  of  tlie  leading  edge  of  every  fin  (Fig.  4).  Tnese  steps 
are  used  as  cutting  tools  for  the  numerous  thick  diaphragms  to  avoid  a  plastic  deposit  on  the 
wall  of  the  ram.  tube.  The  effect  of  these  steps  on  the  flow  is  given  by  medeiisation  (§  4. 1.4.2). 
Tie  fbrebody  of  the  projectile  is  made  of  aluminium' alloy  (dural),  the  tip  being  of  steel.  Tie 
afterbody  of  the  projectile  is  made  of  light  material,  the  magnesium  alloy  (Elektron). 

The  mass  of  the  ra.ni  projectile  for  the  present  w'ork  is  1.340  kg. 

2.2.2  Tiie,j^L,sabot  is  largely  described  in  the  II. S.  patent  mentioned  in  [12j. 

It  is  relatively  light,  rather  inexpensive,  of  extremely  simple  sinjcture,  easy  to  use  and  suitable 
for  the  optinium  operation  of  a  RAMAC  in  large  caliber  such  as  the  RAMAC  90. 

It  is  composed  of  2  main  elements  (Fig.  5a  and  Fig.  5b),  a  ring  and  the  sabot  itseif,  the  latter 
being  made  up  of  three  parts: 


«  a  ring^  or  outer-band,  which  is  attached  to  the  radial  fins  a!  the  rear  of  the  projectile  and  supports  the 


peripheral  scaling  elements.  The  intemal  profile 
presents  in  the  axial  plane  a  cylindrical  tail 
section  and  a  ''flared"  forward  section  in  such,  a 
way  that  the  gas  flow  is  swallowed.  The  mass  of 
the  ring  is  113  g.  It  has  a  cavity  (o  85  mm)  on 
its  rear  face  to  hold  a  removable  pusher.  The 
ring  will  be  separated  from  the  projectile  at  the 
RAMAC  entrance  to  reduce  the  friction  of  the 
projectile  on  the  tube  and  also  the  mass  of 
the  projectile.  After  each  experiment,  the  ring  is 


¥12 


recovered  in  the  ram  tube: 

*  a  pusher  which  is  a  subcaliber  disk  (d)  85  mm) 
of  relatively  small  thickness  (in  the  range  15- 
20%  of  the  ram  tube  caliber)  and  wdiicla  is 
designed  in  such  a  way  as  to  rest  on  the  ring 
with  its  perimeter  and  on  the  projectile  base.  It 
contains  16  axial  holes  with  a  very  favorable 
diameter  /  length  ratio  and  consequently,  a  very 
good  aerodynamic  efficiency.  The  pusher 
contains  a  magnetic  ring  w'hicb,  is  used  to 
recover  its  tr^ectory  with  reference  to  the 
trajectory  of  tlic  prqjectiic  (also  equipped  with  a 
magnetic  ring  of  the  same  style).  The  thickness 
of  the  pusher  depends  on  the  mass  of  the 
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projectile  and  on  the  desired  velocity  at  tlie  RAMAC  entrance: 


a  subcaliber  valve  (0  80  mm)  which  is  an  obturating  plate  attached  to  the  rear  foce  of  the  pusher; 


®  a  cap,  or  plastic  sealing,  wliich  ensures  the  peripheral  tightness  of  the  sabot  during  the 


preacceleraiion  phase  in  the  powder  gun. 

The  mass  of  the  sabot  (X-  1 8  mm.)  is  339  g.  The  total  mass  accelerated  in  the  pre~accel.  is  about  L8  kg. 


3  Phenomenological  analysis  of  the  startinu  process 

The  subsonic  combustion  should  be  stabilized  at 
the  rear  of  the  pr<yectile,  i.e.  the  main  flame 
front  should  be  situated  in  the  rear  subsonic 
flow'.  This  requires  the  perfect  control  and 
synchronization  of  tlie  following  three  events 
(the  reactive  gas  mixture  being  w'eil  adapted  for 
such,  combustion  mode  [13]): 

®  the  initiation  of  the  diffuser  or  "free-flow'" 
between  projectile  and  tube  wall:  it  depends  on 
the  geometry  and  sizes  of  the  projectile  and  also 
on  the  initial  conditions  (entrance  velocity, 
filling  pressure); 

»  tlie  availability  of  an  adequate  volume 
between  projectile  and  sabot  at  the  moment  of 


RAMAC  SO 

Thermany  choked  propulsicn  mode 
-  Starling  process  - 


ignition  so  that  the  combustion  can  take  place  in  the  recirculation  region  behind  the  projectile  (Fig.  6). 
When  tfie  base  of  the  projecdle  enters  the  first  ram  module,  the  distance  between  projectile  and  pusher 
sabot  is  about  1  caliber  and  the  differentia!  velocity  is  190  m/s; 
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the  ignition  of  the  reactive  gas  mixture  at  the  ^  ^  flow  into  the  rimg 

rear  of  the  projectile.  It  can  easily  be  achieved  _ 

by  a  natural  process.  Preliminary  experiments  | 

have  shown  that,  for  a  very  great  distance  I 

between  projectile  and  sabot  and  by  using  a  1 

well-adapted  gas  mixture  for  a  subsonic  k 

combustion  mode,  the  aeradynamical  conditions  ^ 

(pressure,  temperature)  within  the  medium  at  the  ^  P 
rear  of  the  projectile  are  not  adequate  to  initiate  ^ 

the  gas  mixture  [14],  The  entr^mce  velocity  of  ssd 

the  projectile  in  the  RAMAC  was  limited  to  ^  W 

1400  m/s  and  the  initial  filling  pressure  to  iS  ^  . 

5  MPa.  Under  these  initial  conditions,  the  ra^tusf  p. 

,  i  t  ,  ‘  t  ’'it-  c  oOuiT::  L.Cvv  v-D 

natural  process  can  be  oDiained  either  by  one  or 
the  three  follovving  possibilities  or  by  tlieir  combination: 

ignition  by  shock  waves  (incident  and  reilected),  as  largely  demonstrated  at  the  U.W.  ([1, 

1 1]),  generated  between  sabot  and  projectile: 

ignition  by  a  jet  of  hot.  gases  coming  from  the  pre-accelerator;  the  pusher  sabot  being 
subcaiibrated,  a  leakage  of  gas  is  possible  at  a  certain  moment  of  the  separation  between 
projectile  and  sabot.  Preliminary  experiments  have  shown  the  reality  of  such  a  natural  ignition 
of  the  reactive  gas  mixture  [14] ; 

ignition  by  the  fiow  passing  through  the  ring  situated  be^veen  the,  puslier  sabot  and  the 
projectile  (Fig.  7).  By  such  means,  the  temperature  level  can  reacli  at  least  1200  K  and  the 
pressure  can  increase  up  to  20  times  the  initial  pressure:  these  are  adequate  conditions  to  ignite 
the  reactive  mixture.  The  computation  was  performed  by  using  the  TASCflow  code,  a  full  3D 
Navier- Stokes  code  developed  by  .ASC  (Advanced  Scientific  Computed  Limited,  Canada)  [15]. 

nota:  when  the  diffuser  is  not  initiated,  the  reactive  gas  mixture  will  be  systematically  ignited  by  the 
"■'gas  piston"'  situated  in  front  of  the  projectile  and  accelerated  by  the  latter. 

In  the  present:  experiments  the  reactive  gas  mixture  will  first  meet  the  flow  conditions  created  by  the 
ring,  at  the  rear  of  the  project:ile.The  ring  acts  as  the  main  operator  of  the  ignition.  Consequently,  the 
control  of  the  ignition  source  location  will  be  effected  by  a  perfect  control  of  the  ring  position  during 
the  separation  phase.  Finally,  to  control  perfectly  the 

reproducibility  of  the  ignition  source  location  at  the  _  ^ 

rear  of  the  projectile,  the  metallic  ring  previously  ^  ^  ^  \ 

screwed  at  the  rear  of  the  radial  fins  (Hg.  5b)  is  ^  ' 

mechanically  separated  from  the  projectile  by  impact  .|  §  jj  [  /  ^  |  [  |  ;  I 

on  a  5-min  thick  annular  plastic  diaphragm  placed  ai:  *  I  I  !  \  %  !  3  '  ] 

the  entrance  of  the  second  venting  section  (Fig.  S),  M  -i;  )  V;-  J 

i.e.  1.25  m.  before  the  RAMAC  entrance.  The  shock  '  fT^S 
breaks  the  tlixeadiag  machined  on  the  ring  (inside) 
and  on  the  fins  (outside). 


avestigatior 


Liees.iiiJhe.ihermallyj 


The  conditions  in  which  the  RAMAC  process  is  successful  in  such  a  combustion  mode  have 
been  clearly  identified  (Fig.  9),  particularly: 

-a  very  well  adapted  reactive  gas  mixture; 

-a  fine  ignition  source  location; 

-a  great  quality  of  the  guidance  of  the  projectile  into  the  RAM.4C  (number  of  fins. 


Under  these  conditions  the  combustion  is 
well  stabilized  in  the  recirculation  region 
behind  the  projectile  (Fig.  10).  Tlie 
additional  thrust  is  communicated  to  the 
cross-shaped  base.  Its  area  being  constant: 
(§  2.2. 1  .a)  whatever  the  number  of  fins,  the 
experiments  have  shown  the  noticeable 
effect  of  both  the  base  area  distribution  and 
the  guiding  surfece  of  the  projectile. 

4.1  RAMAC  organized  in  a  single  stage 
The  basic  composition  of  the  ternary  reactive 
gas  mixture  chosen  for  the  present 
experiments  Is  3CH^  -^"20^  ION,,  it  is  not 
detonarable  [13,  16, 17]. 


4.1.1  Expen  mental  resalts  in  terms  of 
velocity  and  acceleration  versus  distance 
Velocities  are  deduced  from  the 
eX|>erimental  values  ~  time  t,  dist:ance  x  - 
obtained  prior  to  and  after  the  entrance  of  the 


-  Geometry  of  the  projectile 


,  Entrance  Mach  number 

-  Reactive  gas  mixture  :  1  -  composition 

-  initial  pressure 

-  No  balloting  motion 
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THERMALLY  CHOKED  PROPULSiON  MODE  (T.C.PM) 


Fig.  10 


projectile  into  the  ram  stage,  by  means  of  a 

classical  mathematical  smoothing  method  and  afterwards  by  derivation.  Tlietc  is  a  very  good 
agreement  between  the  experitnenlal  and  the  calculated  values  (Fig.  !  1). 
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‘  '  ^  Sabdatonativs  Mods  of  Combustion 


Fig.  11  Fig.  12 

Figure  1 1  shows  the  performances  obtained  for  very  similar  reactive  gas  mixtures  under  an  initial 
pressure  of  3  MPa  (curvx  1),  3.5  MPa  (curve-  2),  4  MPa  (curve  3)  and  4.5  MPa  (curve  4)  and  for  a 
projectile  equipped  with  5  fins.  Tlie  abscissa  x  indicates  the  position  of  the  nose  of  the  projectile.  The 
performances  are  increasing  with  F,y  Vac  results  show  3  very  interesting  aspects: 

the  starting  process  is  ;first  characterized  by  a  deceleration  of  the  projectile  during  the  time 
required  for  its  introduction  (from  the  nose  to  tlie  base)  into  the  RA.MAC  and  for  the  ignition  of 
the  reactive  gas  mixture;  secondly  -and  systematically-  by  the  greatest  acceleration  gradient,,  in 
the  range  7  to  10  kG's  /  ms  depending  on  the  initial  pressure  (Fig.  12,  encircled  part). 


The  fierce  thrust  is  riot  rigorously  centred  on  the  base  of  the  projectile  ([4,  5])  and  therefore 
provokes  a  small  yaw  (or  pitch)  angle  of  the  projectile  made  in  a  material  with  a  weak 
mechanical  resistance  (§2.2.1.); 

— ►  after  the  starting  process,  the  acceleration  along  the  ram  tube  is  not  constant,  whatever  the 
initial  pressure.  The  small  and  slow  oscillation  of  the  projectile  introduces  a  mechanical  friction 
drag  variation  (between  the  fins  and  the  tube  wall)  sufficient  to  also  cause  a  small  and  slow 
oscillation  of  the  acceleration  cycle  (Fig.  1 1).  To  highlight  this  phenomenon  the  ram  tube  has  to 
be  long  enough.  The  average  acceleration  in  the  ram  tube  is  considered.  It  is  calculated  as 
follows  (Fig.  12  and  Table  1): 
r  =  AV/At  AV=  V  .  -  V 

*^avcr  ^exit  entrance 

At  =  flight  time  into  the  ram  tube; 


nota:  this  value  is  an  approximation  of  the  derivative  of  V  as  a  function  of  time,  when  the 
projectile  is  situated  about  in  the  middle  of  the  ram  tube; 

— ►  in  spite  of  the  prior  phenomenon,  the  reproducibility  of  the  experiments  made  under  the 
same  conditions  is  very  satisfactory  and  compatible  with  ballistic  applications.  For  instance, 
with  Pq=  3  MPa  and  Pq=  4.5  MPa,  the  velocity  gains  are  respectively  373±4  and  655±6  m/s,  i.e. 
28%  and  49%  of  the  respective  entrance  velocities.  The  corresponding  average  accelerations  are 
respectively  3.53  and  6.64  kG's. 

The  best  performances  have  been  obtained  with  the  projectile  equipped  with  5  fins  (Fig.  13). 
The  maximum  exit  velocity  was  1986  m/s  for  a  5-fin  projectile  and  1960  m/s  for  a  4-fin 
projectile  experimented  imder  the  same  conditions,  the  guiding  of  the  projectile  being  better  in 
the  first  case. 


4.1.2  Experimental  results  in  terms  of  acceleration  versus  the  initial  pressure  and  in  terms  of  specific 
impulse  and  ballistic  efficiency 


Exp. 

number 

Number 
of  fins 

Thick, 
of  the 
fins 

(nun) 

(m/S) 

V  . 

exit 

(m/s) 

Mach 
number 
(mean  value) 

Acceleration, 
(mean  value) 

(kG’s) 

**0 

(MPa) 

Heat  release 

Q 

_M!I_ 

(VcPu. 

JmM 

Impulse 

(mean 

value) 

^avcr. 

H 

Ballistic 

efficiency 

Pbal 

1415/92 

B 

B 

1342 

1715 

4.23 

3.53 

2.48 

100.0 

0.20 

B 

B 

1320 

1778 

4.28 

4.39 

B 

42.69 

1544 

2.64 

100.3 

0.22 

1415/94 

B 

B 

1332 

1911 

4.48 

5.77 

B 

50.66 

1584 

3.04 

102.4 

0.24 

1415/95 

B 

B 

1331 

1986 

4.56 

6.64 

B 

57.10 

1595 

3.11 

104.0 

0.25 

1415/96 

B 

1863 

4.43 

5.18 

B 

50.47 

1581 

2.73 

101.1 

0.22 

1415/97 

B 

9 

1337 

1960 

4.59 

6.32 

B 

1595 

2.87 

103.4 

0.23 

1415/98 

B 

9 

4.21 

3.423 

3.0 

36.86 

1543 

2.41 

98.6 

0.195 

1415/99 

B 

9 

1335 

1935 

4.53 

6.12 

imm 

57.50 

1601 

2.87 

102.1 

0.22 

1415/100 

4.23 

3.77 

B 

42.70 

1543 

2.27 

98.9 

0.185 

Table  1 


The  theoretical  detonation  velocity  at  the  Chapman  -Jouguet  point  (V^p^  given  in  table  1  has  been 
calculated  by  means  of  the  Quartet  thermochemical  code  based  on  the  initial  conditions  (ambient 
temperature  and  P^)  and  on  the  Boltzmaim  Equation  of  state  for  the  combustion  products  [13, 16, 17]. 


The  specific  impulse  I,  or  non-dimensional  thrust  coefficient,  is  given  by  the  relation: 

m:  mass  of  the  projectile  [kg] 
thrust  1  _  mF  F-:  acceleration  [m/s^] 

S  Pq  S.Pq  S:  reference  area  calculated  with  the  ram  tube  diameter 

P^:  initial  pressure  [Pa]. 


1  = 


[m^] 


A  theoretical  calculation  of  the  thrust  and  then  of  I  is  undertaken  by  Henner  [18].. 

The  ballistic  efficiency  a  non-dimensional  parameter,  is  given  by  the  classical  relation: 


Pbal  ” 


^m(V"  -  ) 

^  exit _ entrance 

Q.V 


As  anticipated,  the  average  acceleration  is 
increasing  with  the  initial  pressure  P^  (Fig.  11). 
The  results  given  Fig.  1 3  show  that : 

•  the  performances  concerning  the  5-fin 
projectile  are  better  than  those  obtained  with  the 
4-fin  projectile; 

•  the  specific  impulse  is  also  increasing  with  Pq. 
Indeed,  if  we  assume,  in  a  first  approximation, 
that  the  law  giving  the  acceleration  versus  P^  is 
linear,  we  obtain  by  least  square  interpolation: 


-3 

Q  =  heat  release  per  unit  of  ram  volume  [J*m  ] 

V  -  volume  of  the  ram  tube  [m^] 

RAMAC  90 
Average  Acceleration  vs  Po 


r(G's) 


F  =2011  P,-2693 


I 


with:  I F  in  G's  and 
IPpin  MPa 


mF/S.  Po=  Kl-K2/Po 

(Kl,  K2:  constants). 

Finally,  I  is  increasing  with  P^  (Fig.  14). 


In  a  first  approximation,  the  ballistic  efficiency 

equals  and  Q  is  proportional  to  P^. 

QS 

Consequently,  is  also  slightly  increasing  with 
Pq  (Fig.  15).  ITie  ballistic  efficiency  is  greater 
with  the  5-fin  projectile  than  with  the  4-fin 
projectile,  the  guiding  of  the  projectile  being 
better  in  the  first  case. 

4.1.3  Stebili2ation,„Qf,,.thgj?,9m 


the.prpj^jdle 

Observations  made  from  the  light  emission 
probes  indicate  that  the  combustion  is  initiated  at 
the  rear  of  the  projectile  and  stabilized  in  the 
recirculation  region  (Fig.  16). 


Fig.  13 


Fig.  14 


Fig.  15 


poc^pco 


Tile  heat  release  from  combustion  generates 
high  pressures  and  imparts  thrust  to  the 

-  P  . 

projectile.  The  mean  pressure  ratio  * —  in  the 

0 

combustion  volume  is  in  the  range  12  to  14 
for  the  reactive  gas  mixture  which  is  used. 
The  flow  and  the  combustion  process  are 
affected  by  the  projectile  acceleration  itself. 
The  energy  is  released  in  large-scale  turbulent 
structures.  The  pressure  oscillations  are 
important. 

Tne  combustion  front  is  typically  unsteady. 
Its  location  versus  time  can  change  ver>^ 
rapidly  from  the  base  to  the  position  situated 
about  2  calibers  behind  the  projectile 
(Fig.  17).  The  average  position  of  the 
combustion  front  is  situated  at  about  1  caliber 
from,  the  base.  Hie  motion  is  similar  to  a 
pulsating  phenonienon.  Nevertheless,  no 
characteristic  frequency  at  all  has  been 
established.  Hie  average  velocity  of  the 
combustion  front  equals  the  velocity  of  the 
projectile.  Hie  differentia!  velocity  can  reach 
±300  m/s.  The  projectile  pieces  recovered  in 
the  special  catcher  used  for  this  purpose  show 
if  the  materia!  of  the  projectile  afterbody  has 
just  been  "washed''  by  the  hot  gases  or  eroded. 
Hie  flash  X-ray  picture  taken  at  the  ram 
muzzle  (Fig.  18)  also  shows  samples  of  the 
same  material  as  the  one  used  for  the 
afterbody  and  with  diiTerent  well-known 
thicknesses.  Taking  into  account  the  roll 
position  of  the  projectile,  the  quantity  of  lost 
material  can  be  evaluated  wdth  a  good 
approximation  (§  4,L4).  The  perceptible 
traces  on  the  leading  edges  of  the  fms  ate 
explained  in  the  same  chapter. 

4.1 .3.2  Cqfnbusdpn  not 
of  the .proiecdle 

In  that  case,  the  average  position  of  the 
combustion  front  is  very  close  to  the  base  of 
the  projectile  (Fig.26  -  First  Stage).  The 
pulsating  phenomenon  is  similar  to  the  one 
described  before,  but  the  flame,  from  time  to 
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History  of  the  Combustton  Front  vs  Tims 


Fig,  18 


Example: 


Experiment  1415/98  P0  =  3  MPa 


4- fin  projectile 


V 

^  RA.MACcxit 


-  1703  m/s 
=  10.76  ms 


time,  is  in  contact  with  the  rear  part  of  the 
afterbody.  The  part  concerned  is  about  one 
caliber  long  (i.e.  45%  of  the  guiding  length). 

Finaily,  the  average  position  of  the  front  combustion  is  also  directly  affected  by  the  unsteadiness  of 
the  combustioti  process.  From  one  experiment  to  the  other,  the  variation  of  this  position  can  reach  one 
caliber. 


4. 1 .4  F.rosion  and  abiation  of  the  T)roiecrile  materials 

«  The  different  materials  (nose,  fins,  afterbody)  of  the  ram  projectile  have  to  resist  high  mechanical 
and  thermal  loads  produced  by  the  severe  ram  flight  conditions. 

At  different  places  -  mainly,  the  nose  (stagnation  point),  the  leading  edges  of  the  fins  (stagnation 
points)  and  the  base  affected  by  the  combastion  itself  -  the  temperature  rises  extremely  fast  and 
reaches  a  level  high  enough  to  melt  the  material.  But  the  rapid  heating  also  induces  thermal  stresses 
on  the  surface,  creating  a  thermal  shock  effect  that  leads  to  a  reduction  in  material  hardness  and  can 
cause  surface  cracks,  structural  failures  and  finally  mechanical  damage. 

For  the  present  experiments,  the  magnesium  alloy  which  is  used  for  the  fins  and  the  afterbody  and  is 
very  interesting  for  its  density  (minimum  of  mass),  has  not  the  required  properties  to  resist  such 
mechanical  and  thermal  ram  loads  for  a  long  time.  Therefore,  it  is  interesting  to  quantify  the  effect  of 
the  severe  aerothemiodynamic  heating  of  the  ram  projectile  in  order  to  have  a  better  undeistanding  of 
the  overall  phenomenon.  Indeed,  it  can  change  the  aerodynamics  of  the  flow,  as  well  as  the 
combustion  process  (not  rigorously  monophasic  mixture,  reactive  particles)  and  unstarLs  could  be 
pr<5voked  by  an  un.steady  phenomenon  close  to  the  throat  (or  diffuser). 

»  Preliminary  experiments  have  been  performed  with  inert  gas  (N,)  at  different  initial  pressures  P^. 
Under  these  conditions,  the  flash  X-ray  pictures  taken  3.4  m  after  the  RAMAC  muzzle  are  used  as 
reference.  The  pictures  in  Fig.  19  show  the  projectile  without  any  deformation,  a'Dlation  or  erosion  of 
the  nose  (Fig.  19b)  and  of  the  ba.se  (Fig.  19a),  but  with  a  small  deformation  on  the  leading  edges  of 
the  fins  (Fig.  19a)  provoked  by  their  impact  on  the  (hick  diaphragms  situated  at  both  ends  of  the  ram 
tube. 

/ 


54m  prqjecdies  Fig.  19b 

N2  -  -  2-8  MPa  (1413/106) 

V  ,  =  1328  m/s  =1172  .m/s 

4  - 1,4 . 1  Erosipn,  and  ablation  of  tlic  prpjecri le_  rear;parl 

This  phenomenon  concerns  both  the  fins  and  the  conical  afterbody. 

It  is  difficult  to  quantify  exactly  the  lost  materia!  and  its  recession  velocity.  For  a  given  mixture  and 
entrance  velocity,  they  depend  on  on  the  number  of  nns  (or  the  total  area  exposed  to  the  flow)  and 
on  the  flight  time. 

Tlie  heat  conduction  within  the  material  used  is  such  that  the  phenomenon  appears  after  ahemt  6  ms 
(or  flight  time  in  3  ram,  modules)  and  is  quantified  after  about  10  ms  (or  flight  time  in  5  ram 
modules) - 

Two  examples  (Fig.  20,  21)  are  given  to  highlight  the  aspects  of  high  heat  transfer  rates  provided  by 
the  flow  and  by  die  combustion.  They  correspond  to  ^xptnmenls  in  which  the  average  position  of  the 
combustion  front  is  situated  behind  the  projectile  (§  4. 1.3-1). 

Ihe  2  examples  mainly  differ  in  the  2  foiiowing  points  : 

-  respectively  3.5  MPa  md  4.5  MPa, 

-  a  combustion  front  which  is  from  time  to  time  situated  on  the  afterbody,  op  to  2  cm 
from  the  base  (Fig.  20),  up  to  5  cm  (Fig.  21). 


Fig,  19a 
(1413/107) 


Fig.  20 

-  5-fin  projectiles  - 

Fig.  21 

(1415/93) 
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V 

exit 

=  1986  m/s 
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^  lUVMAC  exit 

=  10.06  ms 

An  estimation  gives  the  materia!  lost  by  erosion  and  ablation  at  the  rear  part  of  the  projectile: 

-about  50  g  (Fig.  20):  the  thickness  of  the 
fins  has  been  strongiy  reduced  (about 
3  mm  instead  of  7.2  mm  at  the  back).  Tlie 
fin  length,  progressively  affected  by  the 
phenomenon,  is  about  1  caliber; 

-  about  145  g  (llg.  21,  Fig.  22):  the 
residual  guiding  length  after  10.06  ms  is 
about  2/3  caliber  long,  i.e,  the  strict 
minimum  to  ensure  the  guidance  of  the 
projecdle  into  the  RAMAC.  For  a  long 
RAMAC,  the  flight  time  will  be  longer 
and  the  quantity  of  ablated  and  eroded 

material  will  be  constantly  increasing.  The  quantity  of  particles  ejected  into  the  combustion 
zone  will  be  more  and  more  noticeable  and  vaH  interfere  with  tlie  combustion  process. 

By  modeiisation,  the  temperature  histories  of  th.e  projectiles  could  be  reconstmcted  from  their  velocity 
histones  given  by  experiments. 


Fia.  22 
(1415/95) 


4- 1 .4,2  Abiatiqn,^d  erosion  ptj the  leadJnjedges_o^^ 


Tlie  severe  aetodynamic  heating  of  every  fin 
leading  edge  is  only  due  to  the  flight:  conditions 
velocity,  flight  time).  Hie  temperatures 
produced  in  the  stagnation  region  are  rapidly 
higher  than  the  melting  temperature. 
Nevertheless,  at  this  place,  there  is  no  ignition  of 
the  reactive  gas  mixture  during  the  10  ms  flight 
time.  Hie  light  emission  probes  (Fig.  23)  indicate 
that  the  ablation  of  the  leading  edges  begins  in 
the  following  average  conditions: 

-velocity  1550  m/s 
-time  5.3  ms. 

There  is  no  interaction  with  the  combustion  zone 
situated  behind  the  projectile. 


Fig.  23 


Tlie  perceptible  traces  on  the  fin.  leading  edges 
(Fig.  18,20,21,24)  result  from  ablation  and 


erosion.  Tliey  are  situated  just  after  the 


stagnation  point.  The  quantity  of  lost  material 
depeti'ds,  as  explained  in  §  4.1.4. L  on  diflerent 
parameters:  P..,,  the  number  of  fins  (taking  into 
account  the  thickness  of  each  fin)  and  the  flight 
time.  The  fin  leading  edges  were  not  chamfered. 
An  estimation  of  the  quantity  of  lost  material 
gives  20  g  for  a  S-fin  projectile  (fin  thickness  - 
7.2  mm)  after  about  a  10  ms  flight  lime,  the  exit 
velocity  being  1986  m/s  (Fig.  22).  For  a  4-fin 
projectile  (fin  tMckncss  =  9  mm)  under  similar 
conditions  (Fig.  24),  the  estimation  of  lost 
material  averages  about  30  g.  Tlie  precision  of 
the  evaluation  metliod  is  not  great  enough  to 
establish  a  difference  between  the  4~  and  the 
5-fln  projectiles. 
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A  computation  w^as  performed  by  using  the 


TASCflow  code  (§•  3,  [15]).  It  shows  the 


modifications  of  the  flow  provoked  by  the 
steps  macliined  at  the  top  of  the  fin  leading 
edges  (Fig-  4).  The  hotest  calculated  point  is 
situated  26,6  mm  behind  the  step  (Fig.  25). 
The  experirnenis  give  an  average  position  of 
tile  traces,  provoked  by  ablation  and  erosion, 
of  about  23  mm  after  the  step.  The  agreement 
between  calculation  and  experiment  is 
excellent.  The  temperature  level  can  reach 
1250  K,  i.e.  much  higher  than  the  melting 
temperature  of  the  materia!  (800  -  900  K  for 
magnesium  alloy). 


Fie.  25 


4. 1.4.3  Remarfe 

»After  a  ID  ms  ilight  time,  the  nose  tip  of  the  projectile  made  of  steel  (§  2.2.1)  was  not  ablated. 
No  light  emission  has  been  indicated  by  the  probes. 

«A  consequence  of  the  ablation  and  erosion  phenomenon  of  the  projectile  afterbody  is  that  the 
performances  in  terms  of  velocity  and  acceieradon  versos  time  are  affected  by  the  mass 
reduction.  The  total  quantity  of  lost  material  can  reach  165  g  (§  4. 1.4.1)  or  12  %  of  the  ram 
nroiectile  mass. 


4.2  RAMAC  organized  in  two  stages 


RAMAC  90 

(mm)  HigiQry  pf  ihe  Combustion  Front  vs  Time 


100-, 


RAMAC  Entronco  1415/84  t  (ms) 


Fig.26 


RAMAC  90 


The  experiments  have  shown  that  the  way  through  two  different  mixtures,  separated  by  a  3-nim  thick 
PVC  diaphragm,  was  achieved  without  any  difficulty.  In  both  stages,  each  of  them  composed  of  two 
ram  modules,  the  combustion  mode  was  thermally  choked.  An  example  of  experiment  performed  with 
a  5-fin  projectile  is  given  Fig.  26  and  Fig.  27.  The  ignition  of  the  second  mixture  was  made 
automatically  by  the  combustion  front  of  the  first  one.  The  average  position  is  not  in  the  same  place  in 
each  stage:  very  close  to  the  base  of  the  projectile  in  the  first  stage  and  about  4  cm  behind  the  base  in 
the  second  stage.  The  mixtures  are  different.  The  performances  in  terms  of  velocity  versus  distance 
(Fig.  27)  do  not  show  any  discontinuity  on  the  border  between  the  two  stages. 


5.  Conclusion 

The  present  study,  concerning  the  thermally  choked  propulsion  mode  and  made  in  90  mm  caliber 
(RAMAC  90),  has  clearly  highlighted: 

-that  the  reproducibility  of  the  starting  process,  and  therefore  the  control  of  the  ignition  source 
location  at  the  rear  of  the  projectile,  is  now  very  satisfactory  and  compatible  with  ballistic 
applications; 

-that  the  reproduciblity  of  the  RAMAC  performances  in  terms  of  velocity,  acceleration  and 
ballistic  efficiency  is  excellent  and  also  compatible  with  ballistic  applications.  For  instance,  the 
RAMAC  length  being  16.2  m,  for  a  projectile  mass  of  1.340  kg,  an  entrance  velocity  of  1330 
m/s  into  a  mixture  composed  of  2.95  CH^  +  20^  +  lON^  under  a  filling  pressure  of  4.5  MPa, 
the  exit  velocity  was  1986  m/s  (or  149%  of  the  entrance  velocity).  The  reproducibility  of  the 
velocity  gain  was  about  1  %.  The  quality  of  this  result  has  been  obtained  by: 

-a  better  control  of  the  ignition  source  location; 

-using  a  new  projectile  with  a  better  in-bore  guidance  than  previously  (guiding 
length  increased  by  a  factor  1,7,  guiding  surface  increased  by  a  factor  2.55); 

-using  a  well-adapted  mixture; 


-the  problems  encountered  with  the  high  thermal  and  mechanical  ram  loads  applied  on  the 
projectile  materials.  An  estimation  of  the  total  material  lost  by  ablation  and  erosion,  at  the  rear 
part  of  the  projectile  and  on  the  fin  leading  edges,  points  to  1 65  g  or  12%  of  the  projectile  mass 
after  a  10  ms  flight  time. 


References 


[  1  ]  Hertzberg  A. ,  Bruckner  A.,  Bogdanoff  D. W. 

Tlie  RAM  Accelerator:  a  New  Chemical  Method  of  Achieving  Ultrahigh  Velocities 

37th  Meeting  of  the  Aeroballistic  Range  Association ,  Quebec,  Canada,  September  9-12,  1986 

[2]  Giraud  M.,  Legendre  J.F.,  Simon  G.,  Catoire  L. 

RAM  Accelerator  in  90  mm  Caliber.  First  Results  Concerning  the  Scale  Effect  in  the  Thermally  Choked 
Propulsion  Mode  - 

13th  International  Symposium  on  Ballistics,  Stockholm,  Sweden,  June  1-3, 1992.  ISL  CO  210/92 

[3]  Giraud  M. 

First  Results  concerning  the  Scale  Effect  on  the  Thermally  Choked  Propulsion  Mode  - 

European  Symposium  STAR  -  Properties  of  Reactive  Fluids  and  their  Applications  to  Propulsion,  Poitiers, 

France,  November  24-27,  1992.  ISL  PU  307/93 

[4]  Giraud  M.,  Legendre  J.F.,  Simon  G. 

RAMAC  90.  Experimental  Studies  and  Results  in  90  mm  Caliber,  Length  108  Calibers  - 

First  International  Workshop  on  Ram  Accelerator  -  ISL  Saint-Louis,  France  -  September  7-10, 1993.  ISL  PU  360/93 

[5]  Giraud  M.,  Legendre  J.F.,  Simon  G. 

RAM  Accelerator  in  90  mm  Caliber  or  RAMAC  90.  Experimental  Results  Concerning  the  Transdetonative 
Combustion  Mode  - 

14th  International  Symposium  on  Ballistics ,  Quebec,  Canada,  26-29  September  1993.  ISL  PU  363/93 

[6]  Seiler  F.,  Patz  G.,  Smeets  G.,  Srulijes  J. 

Status  of  ISL's  RAMAC  30  with  Rail  Stabilized  Projectiles 

First  International  Workshop  on  Ram  Accelerator,  ISL,  Saint-Louis,  France,  September  7-10,  1993.  ISL  PU  353/93 

[7]  Naumann  K.W. 

Heating  and  Ablation  of  Projectiles  During  Acceleration  in  the  RAMAC  30  Ram  Accelerator  Tube  of  ISL 
First  International  Workshop  on  Ram  Accelerator,  ISL,  Saint-Louis,  France,  September  7-10,  1993.  ISL  PU  328/94 

[8]  Bruckner  A. 

A  Computational  Study  of  Projectile  Nose  Heating  in  the  Ram  Accelerator 
30th  AIAA/ASME/S  AE/ASEE  Joint  Propulsion  Conference,  AIAA  94-2964, 

Indianapolis,  IN,  USA,  June  27-29,  1994 

[9]  Giraud  M.,  Legendre  J.F.,  Simon  G. 

RAM  Accelerator  Studies  in  90  mm  Caliber  - 

43id  Meeting  of  the  Aeroballistic  Range  Association,  Columbus,  OH,  USA, 

September  28  -  October  2, 1992.  ISL  CO  233/92 

[10]  Giraud  M.,  Legendre  J.F.,  Simon  G.,  Mangold  J.P.,  Simon  H.,  Kauf&nan  H. 

RAMAC  90:  Facility  and  Diagnostic  Methods 

44th  Meeting  of  the  Aeroballistic  Range  Association,  Munich,  FRG,  September  13-17,  1993.  ISL  PU  362/93 

[1 1]  Bruckner  A. 

The  Ram  Accelerator:  An  Overview 

European  Symposium  STAR  -  E^perties  of  Reactive  Fluids  and  their  Applications  to  Propulsion,  Poitiers, 

France,  November  24-27, 1992. 

[12]  Giraud  M.,  Simon  H. 

Sabot  for  projectiles  of  ram  accelerators  and  projectiles  equipped  with  such  a  sabot 
United  States  Patent  Number  5,  394,  805 

[13]  Legendre  J.  F.,  Giraud  M.,  Bauer  P. 

Effect  of  Inert  Additives  on  Detonation  Properties  of  Dense  Gaseous  Explosives 

First  International  Workshop  on  RAM  Accelerator,  ISL,  Saint-Louis,  France,  September  7-10, 1993.  ISL  PU  359/93 

[14]  Giraud  M.  et  al. 

ISL  Report  to  be  published 

[15]  Bemer  C.,  Henner  M.,  Giraud  M. 

Communication  given  by  Bemer  ISL 
ISL  Report  to  be  published 

[16]  Bauer  P.,  Legendre  J.F. 

Detonability  limits  of  propellant  mixtures  used  in  the  RAMAC 

14th  International  Symposium  on  Ballistics,  Quebec,  Canada,  September  26  -  29,  1993.  ISL  PU  361/93 

[17]  Legendre  J.  F.,  Giraud  M.,  Bauer  P. 

90L35  Detonation  Tube  Experiments:  Influence  of  Diluent  Nature  on  the  Detonation  Characteristics  of  Dense  Methane  - 
Based  Gaseous  Explosive  Mixtures 

Second  International  Workshop  on  Ram  Accelerator  -  Seattle,  WA,  USA,  July  17  -  20, 1995.  ISL  Report  to  be  published 
Henner  M. 

Ph.  D.  in  preparation  -  ISL  Report  to  be  published 


[18] 


EXPERIMENTS  IN  A  120  MM  MULTI-STAGE  RAM  ACCELERATOR 

D.  L.  KruczynskI 

U.S.  Army  Research  Laboratory,  Aberdeen  Proving  Ground,  Md,  21005 

ABSTRACT 


First  experiments  using  multiple  gas  fuel  stages  in  the  ARL  ram  accelerator  are 
reported.  New  criteria  for  comparative  analysis  of  experiments  based  on  both  total  heat 
release  and  heat  release  rate  are  introduced  and  evaluated  relative  to  these  experiments. 
Finally,  experimental  data  indicating  that  projectile  material  can  influence  the  desired 
experiments  through  burning  and  heat  release  is  presented. 


INTRODUCTION 


Ram  acceleration  is  initiated  by  injection  of  a  projectile,  similar  in  shape  to  the  center 
body  of  a  Ramjet  engine,  into  a  tube  filled  with  a  combustible  gaseous  fuel/oxidizer/diluent, 
or  simply  fuel.  As  the  sub-caliber  projectile  enters  these  gases,  at  supersonic  speeds, 
shock  and  viscous  heating  occurs.  Properly  "timed"  this  ignites  and  sustains  combustion 
on  the  aft  section  and  behind  the  projectile.  This  energy  release  occurs  continuously  as 
the  projectile  accelerates.  It  is  often  useful  to  adjust  the  fuel  composition  down  the  length 
of  the  accelerator  tube  to  ensure  high  efficiency  of  combustion  in  accelerating  the  projectile. 
In  practice  this  is  accomplished  by  segmenting  the  accelerator  tube  with  thin  plastic 
diaphragms  to  separate  the  fuels.  Properties  such  as  sound  speed  and  chemical  energy 
of  the  fuel  are  adjusted  to  maximize  acceleration  of  the  projectileL 

If  "low"  pressure  operation  is  desired  and  the  length  and  complexity  of  the  acceler¬ 
ator  is  not  an  issue  this  is  a  very  useful  technique  for  achieving  high  efficiency  conversion 
of  fuel  chemical  energy  into  projectile  kinetic  energy.  The  use  of  multiple  fuels  by 
segmenting  the  accelerator  is  often  referred  to  as  "staging"  the  acceierator. 

The  U.S  Army  Research  Laboratory  (ARL)  has  been  exploring  inbore  ram  acceler¬ 
ation  as  a  technique  to  obtain  hyper-velocities  with  useful  projectile  masses.  The  research 
has  consisted  of  an  integrated  program  of  experiment  and  gas  dynamic  modeling.  Past 
research  has  investigated  scaling  and  pressure  effects,  and  flow  visualization^  .  Current 
research  is  ongoing  in  the  areas  of  projectile  geometry  and  staging  effects. 


FACILITY 


Accelerator  and  Injection  Gun 

The  ARL  facility  was  created  by  removing  the  breeches  of  1 20-mm  M256  tank  guns 
and  mating  the  tubes.  Each  accelerator  section  (tube)  is  4.7  m  long.  Currently  three 
accelerator  tubes  are  available  for  a  total  combined  accelerator  length  of  14.1  m.  The 
accelerator  tubes  may  be  segmented  with  PVC  diaphragms  and  filled  with  different  fuel 
gases  or  used  without  diaphragms  for  longer  runs  with  single  fuel  mixtures.  The  projectile 
is  brought  up  to  injection  speed  (typically  1200  m/s)  using  a  conventional  1 20-mm  tank 
gun  and  a  solid  propellant.  Projectile  transition  to  the  first  accelerator  tube  is  made  through 
a  vented  tube  section.  This  section  serves  to  both  decouple  the  conventional  gun  recoil 
(through  a  sliding  interface)  and  vent  solid  propellant  gases  to  minimize  interference  with 
the  ram  acceleration  process.  Figure  1  shows  the  layout  of  the  facility. 

Gas  Handling  and  Mixing 

A  bank  of  gas  storage  bottles  supplies  the  required  gases.  It  should  be  noted  that 
ram  acceleration  fuels  are  readily  available  at  bottled  gas  dealers  in  standard  highway 
transportable  storage  bottles.  The  ARL  facility  also  includes  a  compressor  capable  of 
charging  the  accelerator  to  340  atmospheres.  Recent  additions  to  the  facility  include  a 
pre-mix  station  and  online  gas  chromatography  for  analyzing  the  fuel  mixtures  used.  The 
pre-mix  station  was  installed  to  avoid  any  ambiguity  about  the  content  and  homogeneity 
of  fuels  used  in  the  accelerator  and  is  particularly  useful  for  multi-stage  firings  since  up  to 
three  gas  mixtures  may  be  mixed,  tested,  and  adjusted,  if  necessary  in  advance  of  firings. 

Prior  to  installation  of  the  pre-mix  station  the  accelerators  in  the  ARL  facility  were 
directly  filled  with  the  desired  fuel  by  partial  pressure  methods.  Samples  taken  from  the 
accelerator  before  firing  (but  analyzed  days  later)  Indicated  that  in  general  the  actual  fuel 
mixtures  were  in  reasonable  agreement  with  intended  mixtures.  However  is  was  suspected 
that  the  fuel  mixture  was  not  homogeneously  mixed  priorto  firing  (it  was  thought  that  mixing 
was  being  completed  in  the  small  sample  bottles).  When  the  portable  gas  chromatography 
(GC)  system  was  installed  these  suspicions  were  confirmed.  Table  1  shows  data  from  a 
two  accelerator  tube  shot  in  which  the  same  mixture  was  simultaneously  pumped  into  both 
tubes.  Samples  from  both  accelerator  tubes  were  then  taken  and  analyzed  immediately 
after  filling  (about  10  minutes  apart). 


Table  1  -  Analysis  of  fuel  mixtures  taken  at  different  locations  in  the  accelerator  tubes 


Shot/Stage  and 
Final  Fill  Pres¬ 
sure 

Mixture  Compo¬ 
nent  and  Order 
of  Fill 

Desired  Volume 
Percent  (both 
staaes) 

GC  Analysis  of 
Stage  1 

GC  Analysis  of 
Stage  2 

26/1  &  2  at  57 
Atm. 

02 

13 

15 

14 

N2 

67 

70 

64 

CH4 

20 

15 

22 

*  GC  is  Gas  Chromatography 

Note  from  Table  1  that  there  is  considerable  discrepancy  between  the  two  samples. 


The  premix  station  consists  of  a  bank  of  standard  44  liter  gas  bottles  which  are 
remotely  filled  from  the  individual  source  gases  many  hours  (or  days)  before  firing.  Using 
the  online  GC  the  banks  of  bottles  may  be  sampled  at  anytime  and  their  contents  adjusted 
if  necessary.  Analysis  of  the  premix  gases  over  extended  periods  of  time  revealed  that, 
in  general,  48  hours  or  longer  is  required  to  ensure  the  gases  have  "completely"  mixed 
by  diffusion  and  residue  turbulence  from  the  filling  process.  This  can  be  seen  in  the  samples 
taken  from  the  first  stage  mixture  of  shot  34  and  34  shown  in  Table  2. 

Table  2  -  Measurement  of  fuel  mixtures  over  time 


Shot/Stage 
Number 
and  mix¬ 
ture  final 
pressure 

Mixture 
Compo¬ 
nent  and 
order  of 
Fill* 

Desired 
Volume 
Percent 
in  mixture 

**GC 
measure¬ 
ment 
after  20 
hrs 

GC  mea¬ 
surement 
after  48 
hrs 

GC  mea¬ 
surement 
after  68 
hrs 

GC  mea¬ 
surement 
after  1 40 
hrs 

GC  mea¬ 
surement 
after  204 
hrs 

34/1  at 
81  Atm. 

N2 

67 

46 

69 

69 

— 

02 

13 

9 

.. 

14 

14 

— 

CH4 

20 

45 

— 

17 

17 

— 

35/1  at 
81  Atm. 

CH4 

20 

17 

— 

.. 

17 

N2 

67 

.. 

69 

— 

69 

02 

13 

— 

14 

— 

— 

14 

*  Mixture  were  filled  in  nine  steps  in  the  order  shown,  i.e.  N2-02-CH4  to  1/3  of  the  desired  pressure  then 
repeat  sequence  two  more  times  to  final  pressure,  **  -  GC  is  Gas  Chromatography 


When  the  fuel  mixture  appears  to  be  within  reasonable  agreement  with  the  desired 
mixture  it  is  ready  to  be  pumped  to  the  accelerators  for  firing.  In  addition,  if  desired,  multiple 
shots  may  be  made  from  the  same  pre-mixed  batch  of  gas  if  desired,  ensuring  repeatability. 


To  date,  no  safety  problems  have  been  encountered  handling  these  pre-mixed,  typically 
fuel  rich,  mixtures. 


STAGING  EXPERIMENTS  -  RATIONALE,  RANKING  CRITERIA,  AND  TEST  MATRIX 

It  has  been  well  documented^  that  peak  performance  for  a  ram  accelerator, 
operating  below  the  Chapman-Jouget  Detonation  Speed,  is  obtained  when  the  total  heat 
release  of  the  fuel  (typically  defined  as  Q/CpT)  is  kept  as  high  as  possible  and  the  projectiles 
Mach  Number  is  kept  as  low  as  possible.  However  care  must  be  exercised  so  that  the 
flow  neither  gas-dynamically  chokes  at  the  throat  (becomes  sonic)  nor  disgorges  a  normal 
shock  through  the  throat  from  behind,  during  excessive  heat  addition  (an  unstart).  Finding 
the  optimum  conditions  is  also  dependent  on  the  scale  and  design  of  the  projectile.  In 
addition,  the  conditions  during  initial  projectile  injection  into  the  accelerator  and  gas 
dynamic  separation  (obturator  discard,  etc.)  from  the  injector  gun  seem  to  require  lower 
heat  release  than  for  "steady’operation^. 

ARL  has  only  recently  expanded  its  facility  to  the  point  where  the  "optimum” 
conditions  for  efficient  operation  (after  the  initial  startup)  are  being  explored.  Due  to  the 
relatively  high  cost  of  experimental  operation  at  120-mm  bore  size  great  care  is  taken  in 
designing  new  experimental  firing  matrices  to  maximize  the  insights  gained  from  each 
firing.  In  the  case  of  the  firings  reported  in  this  paper  a  qualitative  ranking  system  was 
used  to  screen  experiments.  The  ranking  system  is  based  on  three  simple  comparative 
factors  for  analyzing  experimental  potential  of  a  shot.  The  first  two  factors,  available  heat 
release  Q/cpT,  and  projectile  Mach  number  (relative  to  the  fuel)  were  discussed  previously. 


The  third  factor  is  the  potential  fuel  heat  release  rate  currently  calculated  using  a 
methane/air  combustion  mechanism  developed  by  the  Gas  Research  Institute  which 
consists  of  32  species  and  176  reactions  and  the  SENKIN  kinetics  code.  Using  such 
detailed  kinetics  mechanisms  in  ARL  CFD  calculations  would  result  in  prohibitively  long 
computer  run  times.  Until  better  reduced  mechanisms  are  available  for  CFD  use,  kinetics 
codes  such  as  SENKIN  appear  to  provide  valuable  information  for  screening  new  fuel 
mixtures  and  making  comparative  analyses.  Further  details  on  the  use  of  this  method  are 
available  in  Reference  5. 

The  first  shot  in  the  staging  experiments  (Shot  34)  was  designed  to  evaluate  the 
potential  for  operating  the  120-mm  ram  accelerator  at  elevated  (relative  to  the  starting 
stage)  heat  release  values.  The  second  and  third  accelerator  tubes  were  filled  with  the 
new  more  energetic  mixture.  No  attempt  was  made  in  this  experiment  to  adjust  sound 
speed  of  the  mixture.  Since  this  shot  was  successful,  yet  appeared  to  be  close  to  unstarting 
at  exit,  it  became  the  baseline  for  comparison  with  subsequent  shots.  Note  that  in  all  the 
shots  in  this  series  the  initial  stage  of  the  ram  accelerator  contained  nominally  the  same 
fuel  which  has  shown  excellent  repeatability  in  previous  ARL  experiments  .  The  second 
and  third  firings  of  the  series  were  designed  to  maximize  acceleration  by  raising  the  heat 


release  and  sound  speed  of  the  fuel  mixture.  This  would  allow  both  "high"  Q/cpT  and  low 
Mach  Number  operation.  The  final  shot  of  the  series  was  made  with  the  same  mixture  as 
used  in  shot  34  however  both  the  projectile  design  and  materials  were  different.  This 
projectile  contained  a  short  straight  section  (  92  mm  long)  between  the  nose  and  aft 
sections.  This  isolator  design  was  being  evaluated  for  its  potential  in  preventing  unstarts 
and  is  fully  reported  in  Reference  6.  A  Drawing  of  the  "standard"  projectile  is  seen  in  Figure 
2.  Table  3  summarizes  properties  for  these  experiments.  Note  that  the  total  heat  release, 
were  equal  to  or  less  than  shot  34  in  subsequent  shots  while  the  average  heat  release 
rates  for  the  shots  subsequent  to  shot  34  (standard  or  first  stage  mixture)  were  longer. 


Table  3  -  Comparsion  of  Fuel  Properties 


Shot 

Number 

Stage  1  -  Fuel  Properties  and 
Molar  Content 

Stage  2  -  Fuel  Properties 

Notes 

Q/CpT 

Release^ 

Time 

(ms) 

Mach 
number 
at  en¬ 
trance 

Q/cpT 

Release 

Time 

(ms) 

Mach  num¬ 
ber  at  en¬ 
trance 

34 

3.7 

0.6026 

CO 

5.23 

3.7 

Standard 

Projectile 

Molar 

Content^ 

2.6CH4  +  2.I  O2  +  IO.4  N2 

2.5  CH4  +2.1  O2  +  6.IN2 

35 

3.7 

0.6026 

3.3 

3.95 

0.4141 

3.1 

Molar 

Content 

2.6  CH4  +  2.1  O2  + 10.4  N2 

3.0  CH4  +  2.1  O2  +  3.7  N2  +  4.3 
He 

36 

0.6026 

3.4 

3.99 

0.3866 

2.9 

standard 

Projectile 

Molar 

Content 

2.9CH4  +  2.1  O2  +  IO.I  N2 

5.0  CH4  +  2.0  02  +  4.0  He 

37 

3.71 

0.6026 

3.5 

4.33 

0.3459 

3.93 

Proj.  with 
isolator^ 

Molar 

Content 

2.9  CH4  +  2.2O2  +  9.9  N2 

2.7  CH4  +  2.0  O2  +  6.3  N2 

1  -  molar  content  gas  chromatography  analysis,  2  -  Approximate  time  to  energy  release  at  given  temper¬ 
ature,  For  the  first  stage  the  rate  is  a  nominal  value  based  on  a  3CH4  +  202  +  10N2  mbdure,  3  -  Small 
backward  steps  behind  throat  between  fins  (see  reference  6),  4  -  See  projectile  description  above 

EXPERIMENTAL  RESULTS 

The  first  shot  of  the  series  (34)  exhibited  successful  ram  acceleration  in  all  three 
accelerator  tubes  and  exited  with  stable  ram  combustion  established.  Photos  of  the 
projectile  in  flight  after  exit  showed  no  damage.  High  speed  movies  of  the  projectile  exiting 
the  last  accelerator  indicated  large  light  emission  around  the  projectiles  forebody  at  exit. 
Such  evidence  generally  indicates  that  significant  combustion  (but  not  a  normal  shock) 


exists  on  the  forebody  of  the  projectile  and  an  unstart  may  be  imminent.  These  results 
along  with  similar  CFD  predictions®  indicated  that  the  total  heat  release  of  the  fuel  could 
not  be  increased  further  without  causing  an  unstart.  This  shot  then  became  the  "standard" 
against  which  the  succeeding  tests  were  compared. 

Shot  35  successfully  accelerated  through  the  first  tube  but  unstarted  2.355  m 
(halfway)  into  the  tube  two  fuel  mixture.  The  projectile’s  image  was  captured  in-flight  at  exit 
from  the  last  accelerator  tube.  The  projectile  appeared  to  be  completely  intact.  This  ruled 
out  any  question  of  projectile  mechanical  failure  causing  the  unstart.  The  very  slight 
modifications  to  the  projectile  noted  in  Table  3  above  did  not  appear  to  be  involved  in  the 
unstart  based  on  its  performance  in  the  successful  run  of  the  first  accelerator  stage.  Note 
that  the  unstart  occurred  even  though  the  fuel  mixtures  in  accelerator  two  and  three  had 
equal  Q/cpT  and  longer  release  rate  values  than  the  previous  shot. 

Shot  36  successfully  accelerated  through  the  first  stage  mixture  but  again  unstarted 
about  halfway  into  the  tube  two  fuel  mixture.  Again,  an  image  of  the  projectile  after  exit 
from  the  accelerators  revealed  no  structural  damage.  Note  that  this  projectile  design  was 
identical  to  that  of  shot  34  and  the  fuels  in  accelerator  tubes  two  and  three  again  had  lower 
Q/cpT  and  longer  "release  rates". 

Shot  37  used  a  significantly  different  projectile  geometry  and  was  fired  primarily  to 
evaluate  the  performance  of  projectiles  with  straight  mid  bodies  (isolators)  in  ram  acceler¬ 
ators.  To  make  direct  comparisons  with  previous  "standard"  projectiles  the  mid  and  aft 
sections  were  made  from  a  "high"  strength  magnesium  alloy  (ZK-60)  to  reduce  total 
projectile  mass  to  that  of  the  "standard"  projectile  design.  The  nose  section  was  aluminum 
with  a  stainless  steel  tip  as  in  the  other  shots  (see  Figure  2).  Again  the  projectile  had 
successful  ram  acceleration  in  the  first  stage.  Like  the  previous  two  shots,  it  unstarted 
(violently)  in  the  middle  of  the  second  accelerator.  This  occurred  even  though  the  fuel 
mixture  was  the  same  as  that  of  shot  34  which  operated  successfully  throughout.  There 
was  very  strong  photographic  and  material  evidence  that  the  projectile  was  burning  through 
at  least  the  later  stages  of  the  accelerator.  A  photo  of  the  projectile  after  exit  was  not 
obtained  because  extreme  light  emission  over  exposed  the  film.  Residue  from  burning 
magnesium  was  also  scattered  throughout  the  accelerator.  The  reason  this  test  is  included 
in  this  paper,  which  is  looking  primarily  at  kinetics  and  staging  effects,  is  because  rt 
obviously  contributed  to  the  heat  addition  of  the  ram  cycle  and  sparked  a  separate  study' 
looking  into  the  effects  on  fuel  kinetics  of  the  projectile’s  material.  This  is  discussed  further 
in  the  next  section. 

A  plot  of  velocity  versus  travel  for  the  four  cases  above  may  be  seen  in  Figure  3. 


ANALYSIS 


Gas  dynamic  unstarts  occurred  in  both  attempts  to  raise  the  fuels  sound  speed  even 
though  other  calculated  properties  such  as  heat  release  and  release  rates  were  lower  (or 
equal)  and  longer  respectively  for  these  experiments.  Since  the  heat  content  value  Q/cpT 
has  been  used  and  validated  as  a  experimental  parameter  it  was  decided  to  reexamine 
the  assumption  used  in  calculating  the  "heat  release  rate".  The  first  and  perhaps  most 
important  consideration  for  these  calculations  is  the  temperature  selected  to  begin  the 
combustion  calculation.  For  the  cases  done  to  date  an  "average"  temperature  in  the 
boundary  layer  behind  the  initial  bow  and  reflected  shocks  over  an  average  range  of 
expected  projectile  Mach  numbers  was  used.  The  calculations  used  in  setting  these 
conditions  were  from  previous  shots  in  the  ARL  first  stage  "standard"  fuel.  The  initial 
temperature  was  set  at  1350  K. 

Following  the  unstarts  of  shot  35  and  36  it  was  decided  to  examine  the  CFD 
calculations  of  the  flow  of  shot  36  to  assess  an  "average  temperature"  using  a  similar 
method  to  that  described  above.  It  was  found  that  despite  the  lower  projectile  relative  Mach 
number  in  the  helium  mixtures,  the  average  temperatures  in  the  flow  was  about  50  K  higher. 
It  is  thought  that  the  lower  heat  capacity  of  atomic  species,  in  this  case  helium,  (with  two 
energy  degrees  of  freedom)  as  compared  to  that  of  diatomic  nitrogen  (five  energy  degree 
of  freedom)  may  account  for  this  difference.  When  the  "heat  release  rate"  calculations 
were  redone  starting  at  1 400Kthe  release  time  was  found  to  be  shorter  that  for  the  nitrogen 
doped  mixtures).  The  new  release  times  for  shots  35  and  36  were  calculated  to  be  0.2388 
and  0.2547  ms  respectively  (compare  these  to  the  values  in  Table  3).  Obviously,  since 
such  relatively  minor  temperature  changes  can  make  a  considerable  difference  in  the 
kinetic  rate  calculations,  the  initial  conditions  must  be  considered  carefully. 

As  noted  earlier  the  magnesium  projectile  (shot  37)  did  burn  and  may  have 
contributed  significantly  to  the  projectile  unstart  through  this  unplanned  and  excessive  heat 
release.  Indeed  there  is  some  evidence  from  the  photographs  of  the  aluminum  projectiles 
which  survived  unstarts  (shot  35  and  36)  that  they  may  also  be  some  burning  around  the 
projectile’s  base,  although  this  is  not  conclusive  at  this  time.  It  is  know  that  aluminum 
projectiles  are  failing  and  perhaps  burning  at  higher  Mach  numbers.  If  the  projectiles  do 
burn  they  may  have  a  significant  effect  on  the  amount  of  energy  being  released  around 
the  projectile.  This  could  be  responsible  for  some  unexplained  unstarts.  A  study  of  this 
potential  was  done  at  ARL  and  Is  reported  seperately^ . 


CONCLUSIONS 


It  has  been  shown  that  the  total  heat  of  a  ram  fuel  may  be  increased  once  the  initial 
starting  process  is  achieved.  This  confirms  and  scales  with  results  in  smaller  ram 
accelerators. 


A  comparative  method  of  screening  new  ram  accelerator  fuei  mixtures  incorporating 
both  total  heat  release  and  heat  release  rates  has  been  suggested.  Experiments  and 
subsequent  analysis  revealed  that  care  must  taken  in  determining  initial  conditions  for 
these  comparisons  to  ensure  comparable  results. 

A  projectile  design  which  incorporates  a  straight  mid  section  has  been  successfully 
fired  through  the  rigorous  starting  phase  of  a  ram  accelerator.  Straight  mid  sections  are 
desireable  to  increase  projectile  cargo  space  and  may  also  assist  in  slowing  the  onset  of 
unstarts  and  stabilization  of  combustion  beyond  the  detonation  speed  of  the  fuel. 

Finally  it  has  been  suggested  by  these  experiments  that  projectile  materials  may 
play  a  role  in  producing  unstarts  by  unplanned  release  of  energy  through  the  combustion 
of  the  projectiles  material. 
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Abstract 


Demonstrating  a  projectile  velocity  of  3  km/sec  at  the  UW  facility  is  an  important 
milestone  for  validating  the  ram  accelerator  as  a  high  velocity  launch  system.  Previous  research 
has  been  directed  at  modeling  various  propulsion  modes^'^  and  mapping  the  ram  accelerator’s 
operational  envelope  in  different  propellant  mixtures.^’^  However,  to  date  there  has  been  no 
systematic  attempt  to  determine  the  effect  of  various  geometric  parameters  on  ram  accelerator 
operation. 

From  first  principles,  acceleration  may  be  increased  by  either  increasing  the  thrust  or 
decreasing  the  mass  of  the  projectile.  Quasi-one  dimensional  models  developed  by  Hertzberg  et 
al  suggest  two  ways  of  increasing  thrust.  One  method  is  to  increase  the  heat  release  of  the 
propellant,  and  the  other  is  to  operate  at  a  low  Mach  number,  where  the  thrust  is  a  maximum  for  a 
given  amount  of  heat  release.  Theoretical  models  predicted  that  operation  in  energetic  mixtures 
could  be  obtained  by  increasing  the  projectile  diameter,  thus  decreasing  the  flow-throat  area.  An 
experimental  series  was  conducted  to  investigate  this  promising  prediction,  but  the  experiments 
failed  to  exhibit  a  clear  sign  of  improved  performance.  However,  experiments  investigating  low 
Mach  number  operation  displayed  improved  performance,  demonstrating  higher  than  nominal 
accelerations  in  substantially  less  energetic  mixtures. 

To  reduce  the  mass  of  the  projectile,  experiments  were  conducted  to  study  the  effects  of 
nose  cone  angle,  body  length,  and  fin  configuration.  The  experiments  demonstrated  that  the 
projectile’s  ultimate  velocity  is  very  sensitive  to  nose  angle  and  body  length,  but  the  effect  of  fin 
configuration  is  unclear.  The  unstart  velocity  is  believed  to  depend  of  the  nose  cone  angle  due  to 
structural  limitations  of  the  material,  while  the  influence  of  the  body  length  is  thought  to  be 
gasdynamic  in  nature.  The  fin  configuration  does  influence  the  projectile’s  acceleration 
performance,  but  the  configuration  providing  the  highest  acceleration  remains  unknown. 

The  failure  of  previous  theoretical  models  to  explain  the  relationship  between  the  unstart 
velocity  and  the  projectile’s  body  length  motivated  an  investigation  of  a  shock-train  model  for 
ram  accelerator  propulsion.  This  model  is  based  on  previous  research  of  the  role  of  isolators  in 
dual-mode  scramjet  engines  and  overexpanded  flow  in  ducts.  The  limits  predicted  by  the 
shock-train  model  correlate  well  with  the  results  of  experiments,  and  it  can  provide  important 
insight  into  the  future  operation  of  the  ram  accelerator.^'  ^ 
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Strategies  for  Increasing  Acceieration: 

•Increase  Thrust 

-Increase  Tube  Fill  Pressure  (pi) 
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Results  of  the  Low  Mach  Number  Operation  Series 
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Maximizing  Acceleration 


The  Blackbox  Model 
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Strategies  for  Increasing  Acceleration: 

•Increase  Thrust 

-Increase  Tube  Fill  Pressure  (p^) 
-Increase  Tube  Cross  Sectional  Area  (A) 
-Increase  Heat  Release  (Q) 

-Operate  at  Lower  Mach  Number  (M^) 


•Decrease  Projectile  Mass 


Reducing  Projectile  Mass 
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Abstract: 

Using  a  90L35  detonation  tube,  experimental  detonation  characteristics  (detonability  limits, 
detonation  velocities  and  peak  pressures)  of  stoichiometric  Methane-Oxygen-diluent  mixtures  at  an 
initial  pressure  up  to  3,5MPa  have  been  investigated. 

A  parametric  study  has  been  carried  out  as  a  function  of  both  amount  and  nature  of  diluent  -namely 
Carbon  Dioxide,  Nitrogen  and  Helium-. 

The  experimental  results  allowed  the  adjustment  and  validation  of  computations  of  the  Chapman- 
Jouguet  characteristics  by  means  of  the  Quartet  thermochemical  code. 

These  experimental  data  associated  with  validated  computations  provide  a  valuable  tool,  among 
others,  for  the  interpretation  of  the  effect  of  mixture  compositions  in  the  RAMAC  superdetonative 
combustion  mode,  and  in  particular  for  the  RAMAC  90  taking  into  account  the  different  multi-stage 
configurations  available. 

1.  Introduction 

Studies  and  researches  conducted  at  ISL  on  a  90mm  caliber  RAM  Accelerator  (RAMAC  90) 
[1],  [2]  have  demonstrated  the  importance  of  the  scale  effect  in  terms  of  both  geometrical,  physical 
and  chemical  conditions  [3].  To  date,  the  RAMAC  90  maximum  performance  enables  an  exit 
velocity  of  about  2km/s  in  the  thermally  choked  propulsion  mode  along  a  16.2m  long  RAM  stage 
(180  calibers)  for  a  1.34kg  projectile  and  an  initial  entrance  velocity  of  1335m/s  [4].  According  to 
the  results  obtained  in  terms  of  projectile  velocity,  whereas  continuous  sufficient  in-bore  guiding  has 
been  achieved,  superdetonative  combustion  mode  can  now  be  safely  considered. 

Among  different  key-elements  ruling  the  superdetonative  combxistion  mode,  the  composition  of  the 
dense  gaseous  explosive  mixture  obviously  plays  a  very  important  role.  Therefore,  a  better 
knowledge  of  the  detonation  behavior  of  these  dense  gaseous  reactive  mixtures  is  required  in  terms 
of  both  detonability  and  Chapman-Jouguet  equilibrium  characteristics  (detonation  velocity,  peak 
pressure,  temperature,  heat  release...).  The  experimental  and  numerical  analysis  presented  in  this 
paper  are  aimed  at  providing  a  set  of  data  that  should  help  interpret  the  experimental  behavior  of  the 
RAMAC  in  the  superdetonative  regime,  especially  the  RAMAC  90  for  which  this  combustion  mode 
is  expected  to  be  achieved  by  the  beginning  1996. 


In  order  to  provide  experimental  data  that  would  match  as  closely  as  possible  the  RAMAC 
90  behavior,  an  experimental  setup,  namely  90mm  caliber  detonation  tubes,  was  designed.  One  must 
be  aware,  as  it  shows  in  these  experiments,  that  there  is  a  tremendous  gap  between  the  ignition 
process  in  the  RAMAC  and  that  occurring  in  the  so-called  "static"  experiments  involving  a 
conventional  ignition  source.  The  shock  generation  due  to  a  blasting  cap  is  in  no  way  comparable  to 
the  shock  wave  pattern  of  the  flow  around  the  RAMAC  projectile.  Nevertheless,  bearing  in  naind  this 
important  aspect,  one  may  expect  some  important  issues,  by  just  a  mere  comparison  of  the 
detonabilities  of  the  mixtures  in  "static"  conditions. 

Concerning  the  first  superdetonative  experiments  foreseen  in  the  RAMAC  90,  it  has  been 
chosen  for  both  safety  and  technological  reasons  to  keep  Methane  as  the  combustible  gas.  Thereby 
diluent  nature  and  initial  filling  pressure  are  two  parameters  to  play  upon.  BaacaUy  three  diluents 
have  been  investigated  in  the  90mm  caliber  detonation  tubes,  namely  Nitrogen,  Carbon  Dioxide  and 
Helium. 

2.  Experimental  setup. 

To  date  two  90mm  caliber  detonation  tubes  are  hi  use  at  ISL,  respectively  1.35m  long  (15 
calibers)  noted  90L15  and  3.15m  long  (35  calibers)  noted  90L35.  Experiments  with  the  90L15  have 
already  been  described  basically  dealing  with  Nitrogen  diluted  mixtures  [5]  [6].  In  these  first 
experiments,  it  has  been  determined  that  a  tube  length  of  15  calibers,  although  theoretically  long 
enough  to  state  on  an  stable  self-sustained  detonation,  did  not  allow  to  state  unambiguously  on  the 
stability  of  some  detonation  waves  especially  at  the  vicinity  of  the  detonability  limit  for  low  diluted 
mixtures  [7]. 

Accordingly,  a  second  longer  detonation  tube  has  been  installed  with  a  tube  length  of  35  caHbers.  On 
this  purpose  a  3m  long  RAM  tube  has  been  used  which,  besides  its  length,  has  also  the  advantage  to 
allow  the  statement  on  the  mechanical  stress  resistance  of  this  type  of  RAM  tube  imder  most  severe 
detonation  conditions.  A  first  series  of  experiments  has  been  conducted  outdoor  on  ISL  proving 
ground,  therefore  allowing  to  safely  check  the  proper  behaving  of  the  overall  facility  and  especially 
die  newly  designed  probes  to  be  used  in  the  RAMAC  90  facility.  A  second  series  of  experiments  has 
been  conducted  indoor  in  the  launch  room  of  the  AerobaUistic  tunnel  where  the  RAMAC  90  is 
installed. 

For  safety  reasons  the 
90L35  detonation  tube 
(Fig.l{b})  has  been 
installed  in  the  blast 
protecting  tank(Fig.  1  { a } ) 
which  normally  hosted  the 
RAMAC  90  stages. 
Detonation  experiments  in 
this  tank  provided  also 
data  on  both  the  ability  of 
this  vessel  to  withstand  the 
muzzle  blast  from  the 
e3q)ansion  of  the  detonation  products  and  data  on  the  effect  on  the  structme  of  the  surroimding 
buildings.  The  exit  of  this  expansion  vessel  is  connected,  like  for  RAMAC  90  experiment,  with  the 
projectile  catcher  moving  along  rails  (Fig.ljc}).  The  blast  protecting  tank  has  proved  satisfactory 
even  in  case  of  most  severe  detonation  conditions  of  stoichiometric  pure  Methane-Oxygen  at  4MPa 
initial  pressure  -  it  can  be  noted  that  in  this  case  the  blast  wave  exiting  the  tank  and  expanding  in  the 


projectile  catcher  caused  this  5-ton  cart  to  move  Im  backwards.  As  described  in  former  papers  [7] 
[8],  one  end  of  this  tube  is  obturated  by  a  breech  block  (Fig.l  {d})  in  which  is  installed  the  initiation 
device,  the  other  end  (Fig.l  {f})  being  fitted  with  the  RAMAC  muzzle  device ,  allows  the  installation 
of  a  breakable  PVC  Hinpbragm  and  the  high-pressure  valve  for  connection  with  the  gaseous  feeding 
line.  This  90L35  tube  is  originally  fitted  Avith  24  instrumentation  ports  divided  along  8  cross  sections. 
For  the  sake  of  the  probes,  only  reinforced  gage-ports  along  4  cross-sections  (Fig.  1(e))  are  presently 
in  use.  Three  measuring  bases  -  respectively  60cm,  106cm  and  60cm  long-  are  then  considered.  Since 
detonation  velocity  measurements  are  at  most  accurate  -  i.e.  a  deviation  less  than  0.5%-  these  have 
always  been  used  as  a  reliable  check  of  the  detonation  stability,  as  well  as  a  criterion  regarding 
Equation  of  State  (henceforth  noted  EoS)  validity.  Therefore,  ionization  together  with  light  probes 
were  used  on  this  facility.  Piezoelectric  pressure  gages  are  also  installed  to  get  values  of  the 
detonation  peak  pressure  but  it  has  been  determined  that  such  experimental  data  are  not  accurate  and 
reliable  enough,  at  least  to  give  valuable  comparison  with  calculated  values.  The  initiation  source 
consisting  of  a  #8  detonator  (Ig  equivalent  tetryl)  remained  unchanged  among  all  detonation  mbes 
experiments.  This  relatively  low  energy  ignition  source  by  means  of  a  direct  blast  wave  drives  to  the 
referred  to  "fast  mode  of  initiation"  where  the  detonation  is  formed  instantaneously  [9].  According  to 
both  tube  diameter  and  initial  pressure,  the  locally  spherical  initiation  mode  drives  to  planar 
propagation  at  least  before  the  detonation  wave  reaches  the  first  instrument  cross-section  [10].  The 
detonation  front,  if  any,  is  then  rapidly  and  unambiguously  decoupled  from  the  ignition  source. 
However,  this  type  of  ignition  source  is  totally  inaccurate  to  simulate  the  development  of  a 
detonation  in  the  RAMAC  in  case  either  of  an  unstart  through  the  aerodynamic  obturation  of  the 
diffuser  (referred  to  "piston  initiation")  or  in  the  transdetonative  propulsion  mode.  In  the  latter  case, 
a  "slow  mode  of  initiation"  [11]  could  be  considered  via  an  accelerating  flame  thus  driving  to  a 
deflagration-to-detonation-transition  ;  however  this  type  of  experiments  is  beyond  the  scope  of  this 
paper. 

3.  Results  and  discussion. 

The  detonability  region  was  investigated  for  mixtures  of  CH4/02,  diluted  in  various  inert 
gases,  namely  Nz,  CO2  and  He.  Some  data  on  detcaiability  limits  are  available  in  the  litterature  but 
they  solely  deal  with  explosive  mixtures  in  standard  conditions.  Data  related  to  high  pressure  systems 
are  extremely  scarce  if  any.  Therefore,  our  present  measurements  may  be  regarded  as  a  umque  set  of 
data  that  can  be  further  applied  to  RAMAC,  provided  one  keeps  in  mind  our  preceeding  comments 
on  their  extent  of  application.  Regarding  the  operational  limits  of  the  RAMAC,  a  thorough  study  of 
the  energetic  content  should  be  done.  Stoichiometric  mixtures  are  very  energetic  ones.  Most 
mixtures  that  were  used  so  far  for  RAMAC  experiments  happen  to  have  quite  a  low  energetic 
content,  since  it  was  shown  that  operational  limits  of  the  RAMAC  correspond  to  this  type  of 
mixture.  A  decrease  of  the  energetic  content  can  be  obtained  by  either  increasing  the  equivalence 
ratio  or  the  inert  amount.  In  the  present  scope,  we  mostly  deal  with  equivalence  ratios  less  than  3 
and  inert  dilution  (termed  as  P)  in  the  range  of  0  to  5.  The  Quartet  Thermochemical  code  [12]  was 
used  for  each  series  of  calculations  that  are  presented  hereafter. 

3.1  Nitrogen  dilution. 

Results  concerning  the  detonable  area  have  already  been  extenavely  presented  [6].  As  a  reference, 
they  are  recalled  on  Fig.2.  The  three  Methane-based  mixtures  used  in  ISL  RAMAC  90  are  presented 
on  this  plot  -  i.e.  2.7CH4  +2O2  +5.6N2,  3.2CH4  +202+7.5N2  and  3.0CH4  +2O2+IO.ON2  -  which  both 
exhibit  a  high  equivalence  ratio  and  a  high  inert  ratio.  2.7CH4  +202  +5.6N2  mixtures  extensively  used 
in  the  Univosity  of  Washington  in  the  38mm  caliber  RAMAC  (UW38)  [13]  always  yielded  to 


transdetonative  combustion  in  the  RAMAC90  [3].  However,  heavily  inerted  mixtures  (3.0CH4+ 
202+10,ON2)  also  used  in  the  Army  Research  Laboratory  in  the  12Qnrm  caliber  RAMAC  (ARL120) 
[14]  have  yielded  to  pure  thermally  choked  propulsion  mode  in  the  RAMAC  90,  even  for  projectile 
velocities  above  120%  of  the  calculated  Chapman-Jouguet  detonation  velocity  [4]. 

For  this  type  of  mixture,  detonation 
characteristics  may  be  readily  obtained  with 
the  Boltzmann  Equation  of  State  [15]  for 
the  combustion  products  as  it  was  shown 
earlier  [6].  Even  at  the  vicinity  of  the 
detonabhity  limits  corres-ponding  to  these 
experiments,  it  shows  on  Fig.  3,  that  the 
deviation  between  calculation  and 
experiments  remain  less  than  1  % . 
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Fig.  3  :  Computed  and  experimental  detonation  velocities 
90L35  detonation  tube,  To=298K,  Po=3.5MPa,  CH4+202-f'xN2 


3.2  Carbon  Dioxide  dilution 

In  order  to  look  for  gaseous  mixtures  which  should  exhibit  lower  detonation  velocities,  keeping 
Methane  as  the  combustible  and  initial  pressure  around  3MPa,  it  has  been  required  to  look  for  the 
upper  detonable  area  of  Carbon  Dioxide  diluted  mixtures.  This  study  has  been  undertaken  with  the 
90L35  detonation  tube  installed  indoor  in  the  RAMAC  90  blast  protecting  tank.  This  experimental 
setup  allowed  to  use  very  conveniently  without  any  modification  aU  security  controls,  gas  monitoring 

[— — - 1  and  analysis  systems  as  well  digital  data 

V 100  acquisition  system  involved  in  RAMAC  90 

’‘’vAA  on  experiments  [16].  According  to  the  overall 

AA/\  gas  handling  system  available  to  date,  the 

^XXX)0\°°  upper  detonabUity  limits  of  CH4-O2-CO2 

3o,AA/yY\/\  70  mixtures  have  been  determined  at  To=298K 

JO  XX  A  A  XX  X\  and  Po=2.5MPa  (Fig.4). 

As  awaited,  from  the  respective 

flammability  areas  of  Methane-Oxygen 
mixtures  diluted  with  Nitrogen  or  Carbon 
Dioxide  at  atmospheric  pressure  [17],  the 
detonable  area  with  CO2  is  noticeably 
smaller  than  that  of  N2  dHution. 

CH4+2O2+7CO2  mixture,  represented  on 
this  graph,  was  used  for  the  thermally 
^  ^  ^  ^  ^  ^  ,  ,  ,  -0  choked  propulsion  mode  at  the  University 

«  ,0  »  »  4^  »  «  70  ^  ^  100  Qjp  Washington  (UW38)  [18]  and  for  the 

Fig.  4 :  Upper  detonabUity  :  CH4-O2-CO2  mixtures  propulsion  mode  at  ^ 

90L35  detonation  tube,  To=298K,Po~2.5MPa  RAMAC  30  uang  rail  tube  with  30mm 

- — -  cone-cylinder  projectile  [19],  As  to 

predicting  the  detonation 

2800  ■■■| - -  characteristics  of  such  mixtures, 

the  Boltzmann  EoS,  again  turns 

2600  -^  out  to  be  reliable,  even  for  a 

2400  ^  diluent  ratio  P=L15  (CH4+2O2 

+23CO2)  where  the  detonation 

2200  -  -  .  happens  to  remain  very  stable. 

EoS  Calculated  and  experimental 

2000  —  values  are  presented  on  Fig.  5. 
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•  no  stable  detonation 


Fig.  5  :  Computed  and  experimental  detonation  velocities 
90L35  detonation  tubCy  To=29SK,  Po==Z5MPa,  CH4'f'202+xC02 


3.3  Helium  dilution. 

These  close  to  stoichiometric  mixtures  (I.ICH4+  202+xHe)  were  found  to  be  detonable  up 
to  the  high  dilution  ratio  p=7.5  (I.ICH4+  202+15He,  i.e.  a  molar  fraction  of  Helium  in  the  mixture 
up  to  ~83%).  Even  at  the  vicinity  of  this  limit,  a  very  stable  self-sustained  detonation  wave  has  been 

observed.  In  the  present  case, 
the  Boltzmann  EoS  was  no 
more  adapted  for  the  prediction 
of  the  detonation  characteristics. 
The  Percus-Yevick  EoS  [20], 
already  used  in  some  instance 
with  condensed  explosives 
appeared  to  drive  to  good 
results.  This  theory  is  based  on 
hard  spheres  [21],  and  enables 
to  take  into  account  interactions 
between  molecules  of  different 
nature.  Calculated  and 
experimental  values  are 
presented  on  Fig.  6. 


3.4  Pure  Methane-Oxvgen  mixtures. 

To  proof-test  the  resistance  of  the  RAM  tube  itself  as  well  as  different  gages  to  be  used  in 
RAMAC  90,  very  reactive  non  diluted  mixtures  were  detonated.  Non-diluted  Methane-Oxygen 
mixtures  for  an  equivalence  ratio  of  ~2  were  detonated  for  an  increasing  initial  pressure  in  the  range 

1.5  to  4MPa  [22].  It  must  be  emphasized  that  for  Po=4.0MPa  the  propagating  detonation  peak 

pressure  caused  irreversible 
damage  to  gages  installed  on  the 
tube,  even  though  the  tube-wall 
itself  did  not  exhibit  permanent 
deformation.  If  any  super- 
detonative  propulsion  mode 
should  be  foreseen  in  the 
RAMAC  90  with  Chapman- 
Jouguet  characteristics  similar 
to  those  encormtered  for  these 
conditicais,  aU  gages  and 
instrument  ports  should  be 
redesigned  to  cope  with  these 
high  pressure  osciHations. 
Experimental  detonation 

velocities  for  these  mixtures 
investigated  in  the  90L35 
detonation  tube  are  compared 


on  Table  1  and  Fig.  7.  It  can  be  noticed  as  well  that  the  Boltzmann  Equation  of  State  yields  to 
greater  discrepancy  with  the  experiment. 


POrMPa) 

1.5 

2.0 

2.5 

3.0 

3.5 

4.0 

Equivalence  ratio 

2,05 

2,01 

2,06 

2,05 

1,98 

1,97 

DCKexperimaital)  (mjs) 

2765 

2790 

2811 

2844 

2857 

2885 

DaadealGasEoS) 

2702 

2713 

2709 

2713 

2727 

2730 

Deviation(%) 

2,28% 

2.76% 

3,63% 

4,61% 

4,55% 

527% 

DCJCBoltzmam  EoS) 

2784 

2822 

2847 

2879 

2920 

2951 

Deviation(%) 

0,69% 

1.15% 

128% 

123% 

221% 

229% 

DCJCPeicus  Yevick  EoS) 

2764 

2795 

2811 

2836 

2871 

2895 

Deviation(%) 

0,04% 

0,18% 

0,00% 

028% 

0,49% 

025% 

Table  1 :  CH4-02  calculated  and  measured  detonation  velocities  [22] 


In  this  case  of  very  energetic 
detonable  mixtures,  the  Percus 
Yevick  EoS  could  be  adjusted  so 
that  to  allow  the  prediction  of 
detonation  velocities  in  very 
good  agreement  with  the 
experiment. 


It  has  been  previously  shown  [10][22]  that  most  EoS  used  in  the  code  fail  to  accurately  predict  the 
detonation  properties  of  pure  fiiel-oxygen  mixtures.  The  parameters  of  the  EoS  are  to  be  necessarily 
re-adjusted  in  each  particular  case.  The  absence  of  inerts  that  account  for  as  energetic  sinks  therefore 
greatly  affects  the  thermochemical  response  of  the  system. 

4.  First  considerations  for  the  choice  of  the  RAMAC  90  superdetonative  mixture. 

Among  the  numerous  and  complex  parameters  ruling  and  limiting  the  superdetonative 
propulsion  mode,  we  shall  examine  in  the  following  only  the  point  of  view  of  the  detonation 
properties  of  the  mixtures.  According  to  the  results  presented  above,  we  can  dispose  of  experimental 
and  validated  computations  of  detonation  properties  for  dense  gaseous  mixtures  usable  in  the 
RAMAC  90.  Disposing  of  a  reliable  method  of  calculating  the  Chapman-Jouguet  detonation 
properties  (in  particular  the  detonation  velocity  noted  Da)  it  is  possible  to  represent  a  validated 
colormap  of  the  variation  of  Da  as  a  function  of  amount  of  both  combustible  and  diluent.  The  main 
interest  of  these  maps  is  to  offer  a  wide  variety  of  possible  systems  that  would  yield  a  given  set  of 
detonation  parameters.  As  a  reference,  the  detonabUity  limits  of  these  systems  in  our  present 
conditions,  i.e.  so-called  "static"  detonations,  are  exhibited  on  these  plots  as  well. 

To  date,  the  RAMAC  90  for  its  16.2m  long  Ram-stage  (ISOcal.)  configuration  allows  a  maximum 
exit  velocity  of  about  2000m/s  in  the  thermally  choked  propulsion  mode  [4].  Accordingly,  for  the 
first  RAM  stage  in  which  the  superdetonative  regime  is  awaited,  the  mixture  ^ould  be  at  least 
detonable  in  the  RAMAC  propagation,  and  with  a  detonation  velocity  noticeably  smaller  than 
2000m/s.  Two  detonation  velocities,  1600m/s  and  1800m/s,  are  then  considered,  in  which  cases  the 
entering  velocity  of  the  projectile,  depending  on  the  performance  in  the  thermally  choked  propulsion 
mode,  could  be  of  the  order  of  1.20  the  CJ  detonation  velocity.  This  makes  sense  regarding  the 
current  experience  in  superdetonative  modes. 

For  safety  reasons,  in  the  RAMAC  90,  it  has  been  decided  to  keep  Methane  as  the  combustible  for 
both  thermally  choked  and  first  superdetonative  experiments.  Oxygen  remaining  the  oxidizer,  diluent 
nature  is  then  the  last  parameter  to  play  upon. 

The  first  diluent  considered  is  Nitrogen  for  which  the  color  map  of  the  computed  CJ 
detonation  velocity  and  CJ  equilibrium  temperatures  are  presented  respectively  on  Fig.8  and  Fig.9. 
These  calculations  were  made  for  Po=3.5MPa,  To=298K,  and  were  based  on  the  Boltzmann  EoS  for 
the  detonation  products.  The  detonable  area  is  presented  on  this  graph  as  well.  The  Da=1600m/s 
and  18(X)m/s  are  highlighted  on  this  plot  since  these  velocities  could  be  regarded  as  matching  those 
required  for  the  onset  of  a  superdetonative  regime  for  a  projectile  entering  at  the  Mach  number 
corresponding  to  our  experiments  [4]. 


Although  this  doesn't  seem 
likely  to  meet  the 
detooability  requirement, 
according  to  the  detonability 
range  as  depicted  here,  one 
should  bear  in  mind  that 
these  limits  may  not  be 
directly  applied  to  the  actual 
RAMAC  operational  range. 
Besides,  some  combustion 
temperature  measurements 
were  conducted  in  the  tube 
during  flame  propagations 
(deflagration)  [23]  [24].  The 
results  were  in  good 
agreement  with  values 
calculated  on  the  basis  of  a 
constant  volume  assumption. 
The  detonation  temperatures 
presented  on  Fig.  9  have  not 
been  experimentally  con¬ 
firmed  so  far.  A  thorough 
investigation  of  the  deto¬ 
nation  temperature  as 
function  of  composition  is 
definitely  one  of  our 
objectives.  It  remains  a 
highly  difficult  task  but  it 
would  provide  crucial  results 
as,  for  example,  a  set  of  data 
for  most  heat  tarssfer 
studies,  in  an  attempt  to 
improve  the  knowledge  of 
the  ablation  phenomenon. 


In  order  to  look  for  a  Methane-based  mixture  allowmg  lower  stable  detonation  velocities,  it  has  been 
investigated  to  use  Carbon  Dioxide  as  diluent  (although  it  can  not  be  considered  as  completely 
inert).  This  high  molar  weight  component,  compared  to  N2,  allows  to  get  lower  detonation  velocities 
for  a  given  dilution  ratio. 


commTed  CJ  detonanon  velocities  :  xCH4- 
Po=3.5MPa.  To=298K,  Boltzmann  EoS 
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\  D^(m/s'}  Fig.  10  shows  the  color  map 

of  computed  CJ  detonation 
velocities  of  Carbon  Dioxide 
diluted  mixtures  (Po=3.5MPa 
To=298K,  Boltzmann  EoS  of 
!s?t-240c  the  combustion  products). 

■  Here  again  is  represented  the 
experimental  detonable  area 
•  w'here  stable  self-sustained 

detonation  has  propagated. 
j,yi;'.;isoo  The  contour  curves  at 
|;|i:-  1600m/s  and  1800m/s  are 

BWT‘ ■  \  highlighted.  It  can  be 

\ n:?'^  $WWlS  ^400  t^s  case  the 

i^y^ab/earea  V  .  .,r  :  Vt cuTve  at  16(X)m/s  is  again  fet 

•  \  ^  away  from  the  experimental 

1  ^ - ::: — ^ ^  detonable  area.  Concerning 
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yCOj  the  contour  at  ISOOm/s, 

stoechiometric  mixtures  with 

Pig.W:compnmdCJdet^at^^iocmes:xC^202-yC02 

.  ■  1<P==[C02]/[02]<1.5  could 

[  -— —  TV .  be  considered  to  fulfill  the 

requirements  for  a  self- 
sustained  detonable  mixture 
at  Dcj-'1800m/s  in  the 
i|i£  RAMAC  conditions.  Rg.  11 
^?:''^5G0  shows  computations  of  the 
I  ■  CJ  equilibrium  temperature 
f ,  i. :  colormap.  According  to  the 

I) V  i  I  latest  experiments  carried  out 
i  in  the  li4^L4C  90  [4],  the 
..y  tnermal  ablation  ox 

2  2.5  V  3.5  4  '  4.5  5  combustion  zone).  This 

y  CO:,  means  that  the  characteristic 

_  _  of  heat  release  playing  upon 

Fm^ll  :  compuTedCJ  deTonation  velocities :  xCH4^202'^yC02  ,  .  .  ^  i 

Po-3.5MPa.  Tb-29SK,  Boltz.mann  EoS  '  of 

- — -  be  considered  from  both  its 

ablating  and  eroding  effect  o,n  projectile  material  point  of  view.  If  we  ta.ke  the  exemple  of  the 
stoichiometric  mixtures  with  inert  dilution  ratio  l<p==[C02]/[02]<L5  (Dcj'-1800m/s)  that  have  been 
considered  for  their  detonation  velocity  properties,  equilibrium  temperatures  are  computed  between 
3000K  and  3500K.  Obviously,  tlus  level  of  temperature  would  even  more  dra.tnaticaily  increase  the 
ablation  of  the  projectile. 
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5.  Conclusions  and  peispecdves. 


This  paper  was  aimed  at  presenting  the  upper  detonable  areas  for  which  a  stable  self- 
sustained  detonation  has  been  observed  for  two  types  of  mixtures  :  namely  Methane-Oxygen- 
Nitrogen  and  Methane-Oxygen-Carbon  Dioxide  for  &e  following  experimental  conditions  :  initial 
presstrre  Po=2.5MPa,  initial  temperature  To=298K,  90mm  caliber  detonation  tube  and  #8  detonator 
direct  blast  initiation  source.  It  must  be  emphasized  that  the  geometry  of  the  domain  depends  very 
closely  on  the  mode  of  initiation  used.  According  to  the  different  strong  initiation  modes  that  could 
be  encountered  in  the  RAMAC  depending  on  the  flow  field  around  the  projectile,  the  "static" 
detonability  areas  show  the  range  of  compositions  for  which  a  detonation  will  propagate  in  any 
RAMAC  condition.  To  a  certain  extent  for  specific  RAMAC  conditions,  mixtures  situated  outside 
these  domams  could  propagate  a  detonation  as  well  depending  on  the  initiation  conditions.  However, 
in  this  latter  case,  one  could  wonder  whether  these  detonation  waves  are  either  stable  or  even  self- 
sustained. 

It  has  been  determined  for  these  two  types  of  mixtures  that  the  Boltzmann  EoS  yields  to 
calculated  detonation  velocities  that  are  in  very  good  agreement  vdth  experimental  values  -  i.e.  a 
deviation  less  than  1  %-.  For  both  Methane-Oxygen-Helium  and  pure  Methane-Oxygen  mixtures,  the 
Percus-Yevick  EoS  was  preferably  used.  These  investigations  allow  to  regard  our  code  and  present 
panel  of  EoS  as  most  reliable  tools  for  further  computations  related  to  RAMAC  investigations. 

On  this  basis,  detonation  temperatures  could  also  be  calculated.  Depending  oh  the  mixture 
composition,  high  values  of  temperamre  should  be  accounted  for  in  the  studies  of  ablation  and/or 
erodng  of  the  projectile. 

The  future  works  under  consideration  will  emphasize  the  need  for  better  computer  modeling 
and  gimnlation  First  win  be  studied  a  computation  method  which  could  a-priori  predict  the 
detonability  limits  of  gaseous  mixtures  as  a  function  of  constituting  components  and  initial 
pressure/temperature.  Studies  on  this  subject,  although  limited  to  atmospheric  pressure,  are  already 
carried  out  at  the  University  of  London  [25].  Furthermore,  it  will  be  needed  to  quantify  precisely  the 
relative  influence  of  the  variations  of  initial  pressure  and  temperature  on  the  geometry  of  detonable 
areas  which  could  then  be  included  in  CFD  models  used  for  the  Ramac.  Second,  the  modeling  of  the 
phenomena  occurring  during  the  transition  from  deflagration  to  detonation  encountered  for  the 
RAMAC  transdetonative  combustion  mode  would  be  most  useful.  Evaluation  of  the  range  of 
mixtures  at  the  border  of  the  detonable  area  which  could  exhibit  transition  will  help  choosing  mixture 
compositions  for  pure  thermally  choked  propulsion  mode. 

Future  experimental  work  on  the  detonation  properties  of  dense  gaseous  mixtures  will  cope 
with  the  investigation  on  the  detonation  initiation  and  propagation  phenomena  m  conditions  closer  to 
those  foimd  in  the  RAMAC.  Different  new  types  of  initiations  will  then  be  experimented,  in 
particular  "piston  initiation"  (for  simulating  RAMAC  unstart)  and  accelerating  flames  (for  simulating 
transdetonative  regime).  This  will  allow  a  better  correlation  between  the  detonation  phenomena 
observed  in  detonation  tube  and  in  real  RAMAC  experiments.  Thereby  this  should  help  to  state  on 
the  variation  of  the  detonable  area  geometry  as  function  of  initiation  conditions. 

Finally  detonation  tube  experiments  will  allow  to  design  new  gages  to  be  used  in  the  future 
on  the  RAMAC.  Supersonic  combustion  front  temperature  measurement  techniques  and  specific 
wavelength  light  probes  will  be  experimented.  Investigation  on  new  pressure  gages  based  on  PVDF 
foils  will  also  be  continued. 
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Abstract 

In  this  paper  we  analyze  the  reflection  of  non-reacting  shock  waves  as  oblique  deto¬ 
nation  waves.  The  2-d,  steady,  inviscid  analysis  makes  use  of  detonation  polar  diagrams 
to  identify  incident  shock  angles  that  lead  to  reflected  overdriven  and  Chapman-Jouguet 
detonations,  with  and  without  detonation  Mach  stem  formation.  The  implications  of 
the  results  for  ram  accelerator  design  and  operation  are  discussed. 


1.  Introduction 

Oblique  detonation  wave  ram  accelerators  are  designed  in  a  manner  that  a  non-reacting 
shock  wave  is  generated  at  the  tip  of  the  projectile.  This  shock  wave  reflects  from  the  tube 
wall  as  an  oblique  detonation  wave  (ODW).  As  with  detonations  observed  in  shock  tube 
experiments,  ODWs  exhibit  unsteady,  three-dimensional  cellular  structure  that  becomes 
suppressed  as  the  Mach  number  increases  above  the  Chapman- Jouguet  (C-J)  Mach  number 
of  the  reactants.  If  the  size  of  the  cellular  structure  is  small  compared  to  other  relevant 
length  scales,  the  detonation  wave  may  be  idealized  as  having  the  classical  Zel’dovich,  von 
Neumann,  Doring  (ZND)  structure  of  a  non-reacting  shock  wave  followed  by  a  deflagration 
wave.  The  best  experimental  data  regarding  ODWs  have  been  obtained  in  two-layer  shock 
tube  experiments  discussed  in  references  [1]  [2]  and  [3].  These  papers  demonstrate  close 
agreement  between  experimental  results  and  the  steady,  2-D,  Rankine-Hugoniot  analysis  of 
ODWs.  The  Rankine-Hugoniot  analysis  of  ODWs  is  contained  in  references  [4]  and  [5]. 
Further  historical  reviews  of  ODW  research  may  be  found  in  references  [4]  and  [6]. 

Returning  to  ODW  ram  accelerator  design,  the  reactants  and  initial  conditions  must  be 
appropriately  selected  so  that  the  chemical  induction  length  downstream  of  the  nonreacting 
shock  wave  is  much  larger  than  the  characteristic  projectile  length  and  that  the  chemical 
induction  length  downstream  of  the  reflected  wave  is  much  smaller  than  the  characteristic 
length.  With  this  propellant  selection,  there  are  still  several  obvious  criteria  that  must 
be  met  for  the  leading  non-reacting  shock  wave  to  be  reflected  as  an  ODW.  First,  the 
Mach  number  downstream  of  the  non-reacting  shock  must  be  above  the  local  C-J  Mach 


number.  Second,  the  projectile  cone  half-angle  must  be  large  enough  that  a  supported  or 
weak,  overdriven  ODW  can  form.  References  [4]  and  [5]  contain  discussion  of  the  conditions 
required  for  generation  of  weak,  overdriven  ODWs.  In  this  mode  of  operation,  the  flow 
relative  to  a  ram  accelerator  projectile  is  compressed  by  both  the  leading  non-reacting  shock 
wave,  and  the  non-reacting  part  of  the  ODW  structure.  Heat  is  added  in  the  deflagrative 
part  of  the  ODW  and  the  flow  expands  along  the  afterbody  of  the  projectile  to  complete 
the  thermodynamic  engine  cycle.  The  flow  remains  supersonic  with  respect  to  the  projectile 
throughout.  The  lowest  Mach  number  occurs  downstream  of  the  non-reacting  part  of  the 
ODW  which  “overturns”  the  flow  away  from  the  wall  before  the  deflagration  accelerates  the 
flow  and  returns  it  to  be  parallel  to  the  wall. 

The  above  discussion  was  based  on  the  assumption  that  the  ODW  was  formed  by  the 
regular  reflection  of  the  leading  non-reacting  shock  wave  from  the  wall.  In  this  paper  we 
investigate  additional  criteria  for  ODW  stabilization  based  on  the  need  to  avoid  formation 
of  a  detonation  Mach  stem  upon  shock  reflection.  This  occurrence  would  result  in  subsonic 
flow  downstream  of  the  strong,  overdriven  detonation  stem  and  may  lead  to  ram  accelerator 
unstart.  Detailed  study  of  Mach  reflection  of  non-reacting  shock  waves  has  been  performed 
[7]  [8]  and  although  several  investigators  have  studied  the  Mach  reflection  of  detonation 
waves  [9]  [10],  there  have  been  no  analogous  studies  of  a  non-reacting  shock  reflecting  as  a 
detonation  wave. 

In  the  following  section,  we  begin  with  a  discussion  of  traditional  Rankine-Hugoniot  anal¬ 
ysis  and  a  review  of  the  resulting  reaction  polars  {p-d  diagrams)  for  2-d,  steady  combustion 
waves.  As  will  be  shown,  the  polar  diagrams  are  particularly  useful  for  the  investigation  of 
wave  interaction  processes,  including  Mach  reflection  phenomena.  Some  definitions  of  special 
values  of  the  projectile  cone  half-angle  are  then  presented  using  the  reaction  polar  diagrams. 
The  variation  of  these  special  angles  with  Mach  number  and  heat  release  is  presented.  Since 
this  study  makes  use  of  two-dimensional  Rankine-Hugoniot  analysis,  it  is  directly  applicable 
to  ODW  scramjet  engines  and  rectangular  ram  accelerators  that  have  primarily  2-d  cross 
sectional  flows.  The  implications  of  the  results  for  supersonic  flameholding  as  well  as  in¬ 
let  unstart  phenomena  are  discussed.  Axisymmetric  ram  accelerators  can  be  expected  to 
demonstrate  the  same  qualitative  behavior  so  the  present  results  may  be  used  as  a  guide  for 
axisymmetric  projectile  design. 


2.  Rankine-Hugoniot  Analysis 

2.1.  General  Features  of  Reaction  Polars 

Before  delving  into  the  analysis  of  regular  and  Mach  reflection  of  shock  waves  in  deton- 
able  mixtures,  it  is  useful  to  review  the  traditional  Rankine-Hugoniot  analysis,  in  order  to 
establish  limit  cases  and  nomenclature.  The  Rankine-Hugoniot  relations  are  particularly 
useful  for  investigating,  understanding,  and  classifying  systems  in  which  the  major  changes 
in  the  values  of  the  flow  variables,  as  well  as  the  effects  of  viscosity,  diffusion,  and  thermal 
conductivity  are  collapsed  into  a  discontinuity,  i.e.  compression-  and  combustion  waves.  A 
clear  presentation  of  standing  ODWs  based  on  the  Rankine-Hugoniot  analysis  is  provided  in 
reference  [4].  In  this  section,  we  offer  more  insight  on  the  subject  matter  by  presenting  the 
general  features  of  reaction  polars. 

Figure  2.1  depicts  the  supersonic  flow  of  an  ideal  gas  through  an  oblique  discontinuity 
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that  is  inclined  at  an  angle  /?  from  the  incoming  flow  direction.  The  flow  is  turned  through 
a  deflection  angle  0.  For  both  adiabatic  and  diabatic  flows,  the  conservation  laws  of  mass, 
normal  momentum,  tangential  momentum,  and  energy  yield: 


Figure  2.1:  Plane  oblique  discontinuity  geometry 
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where  the  subscripts  “oo  ”  and  “A  ”  denote  upstream  and  downstream  conditions  respectively. 
To  complete  the  system  of  the  equations,  the  ideal  gas  equation  of  state  is  assumed  to  apply. 


p  =  pRT. 


(2.5) 


With  the  assumption  of  heat  released  implicitly  due  to  chemical  reaction,  Eq.  (4)  may  be 
used  as  is,  provided  the  enthalpies  /loo  and  h  include  both  the  chemical  enthalpy  of  formation 
and  the  sensible  enthalpy.  Accurate  results  at  high  temperature  and  pressure  require  the  use 
of  variable  specific  heats  and  complex  chemical  equilibrium  and  kinetics  calculations  [11]. 
For  purposes  of  exposition,  it  is  assumed  that  Qoo  units  of  heat  per  unit  mass  are  added  to 
the  fluid  to  represent  the  sensible  heat  release  due  to  combustion.  Further,  assuming  that 
the  fluid  has  a  constant  specific  heat  capacity  and  does  not  change  composition  by  heat 
addition,  Eq.  (4)  may  be  rewritten  as 

2  '"2 

CpToo  +  ^  +  Qoo  =  Cpf’+^  .  (2.6) 

Notice  that  the  above  set  of  equations  hold  for  combustion  waves  in  general  -  that  is, 
deflagration  as  well  as  detonation.  Combination  of  the  conservation  equations,  the  equation 
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of  state,  and  the  kinematic  relations  of  the  geometry  from  Figure  2.1  result  in  a  density  ratio 
expressed  by 

poo  _  _  tan(^  -  9)  ^2  7) 

p,  ttoon  tan;3 

which  after  some  algebraic  manipulations  may  be  rewritten  as 


Poo  1  -f  yj{\  -  -  2(7  + 

p  (7  +  1)M^„  (7+l)^^n 


where  Qoo  is  the  second  Damkohler  parameter  defined  as 

Qco 


Qoo  = 


c  T  ' 


Furthermore,  the  Mach  number  is  defined  as 


Moo 


^00 

ViRToo 


(2.9) 


(2.10) 


where  Moon  =  Moo  sin  /3,  and  =  Cpjcy  is  the  ratio  of  constant  specific  heats. 

Substituting  Eq.  (8)  into  the  normal  momentum  equation  and  rearranging  gives 

-^  =  1+7A/l(i-^)-  (211) 

Poo  \  P  J 

In  the  analysis  of  steady  two-dimensional  flow,  a  useful  set  of  results  for  computing  wave 
interactions  is  obtained  by  plotting  the  pressure  ratio  p/poo  versus  the  turning  angle  9  for 
various  Qoo-  These  curves  are  presented  in  Figure  2.2  and  will  be  referred  to  as  reaction 
polars.  It  is  apparent  from  inspection  of  Figure  2.2  that  the  reaction  polars  are  divided  into 
two  nonoverlapping  branches:  an  upper  branch  for  which  the  pressure  ratio  p/poo  increases, 
called  detonation  polars^  and  a  lower  branch  for  which  the  pressure  pjpoo  decreases,  called 
deflagration  polars.  It  can  be  readily  shown  that  for  the  detonation  (deflagration)  polars  the 
normal  component  of  the  freestream  Mach  number  Moon  is  supersonic  (subsonic). 

We  first  consider  the  general  characteristics  of  detonation  polars.  As  illustrated  in  Figure 
2.2,  for  adiabatic  flows,  for  a  given  deflection  angle  6  there  are  either  two  solutions  to  the 
oblique  shock  relations,  or  none  at  all.  In  addition,  the  detonation  polar  solutions  may 
be  divided  by  the  sonic  line  SL  and  termed  weak  solutions  corresponding  to  downstream 
supersonic  flow  and  strong  solutions  corresponding  to  downstream  subsonic  flow.  Further 
examination  of  Figure  2.2  indicates  that  an  additional  classification  for  diabatic  flows  is 
necessary.  This  classification  is  based  on  whether  the  normal  component  of  the  downstream 
Mach  number  M„  is  subsonic,  sonic,  or  supersonic.  For  diabatic  flows,  states  with  M„  =  1, 
corresponding  to  C-J  detonation  waves,  are  represented  by  the  CJ  curve.  Points  on  the 
constant  Qoo  dashed  lines  to  the  left  of  the  C-J  point  are  underdriven  waves  with  Mn  >  1  • 
Points  on  the  constant  Qoo  solid  lines  to  the  right  of  the  C-J  point  have  M„  <  1  and  are 
thus  overdriven.  To  be  consistent  with  the  terms  weak  and  strong  as  applied  to  adiabatic 
oblique  shock  waves,  points  within  the  C-J  curve  and  below  the  sonic  line  will  be  referred 
to  as  weak  overdriven,  and  above  the  sonic  line,  as  strong  overdriven.  However,  since  all 
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Figure  2.2:  Generalized  reaction  polars 


strong  oblique  shock  waves  are  overdriven,  they  will  be  called  simply  strong  ODWs.  It  is 
also  apparent  from  inspection  that,  there  is  a  maximum  turning  angle  Omax  beyond  which 
an  oblique  detonation  wave  will  detach  or  unstart,  just  as  in  the  case  of  oblique  shock  waves 
without  heat  addition,  but  with  a  reduced  range  of  turning  angles  with  increasing  amounts 
of  heat  release. 


2.2.  Significance  of  the  C-J  Condition 


As  noted  above,  there  are  three  distinct  classes  of  ODWs  which  must  be  considered  in 
detonation  wave  stability  analyses  for  applications  to  propulsive  devices.  The  boundary 
between  underdriven  ODWs  and  weak  overdriven  ODWs  is  delimited  by  the  C-J  state, 
which  is  the  point  of  minimum  wave  angle  (3  on  each  locus  of  states  for  diabatic  flows  [4]. 
Since  total  pressure  loss  increases  both  with  the  amount  of  heat  release  Q  and  wave  angle  13, 
the  C-J  turning  angle  corresponds  to  the  minimum  total  pressure  loss  for  given  approach 
condition.  Consequently,  the  C-J  state  provides  a  limiting  condition  for  ODW  engine  design. 

Having  established  the  significance  of  the  C-J  state  as  a  bound,  Rankine-Hugoniot  rela¬ 
tions  at  the  C-J  point  provide  the  most  convenient  forms  for  the  analysis  of  ODWs.  The 
maximum  possible  heat  addition  satisfying  the  conservation  equations  for  a  given  value  of 
approach  Mach  number  Moo,  is  defined  as  the  C-J  heat  addition  Qcj,  which  is  given  by 


(2.12) 
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By  definition,  the  C-J  wave  angle  ^cj  is 


(2.13) 


where  Mcj  is  given  by 


M,,-  =  j[l  +  (3oo(7+  1)]  ±  ]l[l  +  Qoo{l+l)f 


1. 


(2.14) 


and  M^j  ^  correspond  to  the  C-J  Mach  numbers  of  normal  detonation  and  deflagration 
waves,  respectively,  in  which  heat  Qoo  is  released.  Further,  the  C-J  density  and  pressure 
ratios  can  be  shown  to  be 


^  1  +  l^cj 

\  P  Icj  ~  (7  + 
(_P_\  _  1  +  'fM^- 

\Poo),j~  7  +  1 


(2.15) 

(2.16) 


Finally,  making  use  of  Eq.  (7)  with  the  trigonometric  identity 


tan  ^sin  ^  xj  =  ^ — 
the  C-J  turning  angle  0cj  is  given  by 

0cj  =  (^cj  -  tan“^ 


y/\  —  X 


1  +  iMl- 


(7  +  l)M2.v'(Moo/M.,f-l, 


(2.17) 


(2.18) 


The  different  regions  of  reaction  polars  presented  in  this  section  are  not  all  physically 
accessible  and  their  physical  occurrence  is  sensitive  to  the  particular  geometrical  configura¬ 
tion  and  freestream  conditions.  As  mentioned  above,  a  detonation  may  be  idealized  as  a 
shock  wave  followed  by  a  pressure  coupled  deflagration  front  -  that  is,  the  ZND  model.  The 
normal  component  of  the  velocity  downstream  of  the  nonreacting  shock  wave  is  subsonic. 
As  is  well  known,  it  is  not  possible  to  have  heat  addition  to  a  subsonic  flow  and  proceed  past 
the  sonic  condition.  Therefore,  the  first  restriction  on  the  reaction  polars  presented  above  is 
that  the  underdriven  detonation  branch  is  not  accessible.  For  the  same  reason,  the  strong 
deflagration  branch  is  not  physically  accessible. 


3.  Definitions  of  Special  Values  of  B 

In  this  section  we  present  definitions  of  the  special  turning  angles  that  result  in  1 )  reflection 
of  the  non-reacting  shock  wave  as  a  regularly  reflected  C-J  ODW,  9cj,r,  2)  the  pressure 
rise  of  a  regularly  reflected  ODW  becoming  equal  to  that  of  a  normal  detonation  (referred 
to  as  the  von  Neumann  condition),  3)  the  maximum  deflection  condition  for  which  the 
reflected  ODW  can  just  return  the  flow  to  be  parallel  to  the  wall,  Bq,  and  4)  Mach  reflection 
with  the  formation  of  a  detonation  Mach  stem  and  a  reflected  C-J  ODW,  Bcj,m- 
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Consider  the  ram  accelerator  geometry  shown  in  Fig.  3.1.  For  a  given  freestream  Mach 
number,  Moo,  and  normalized  heat  release  Qoo,  we  will  consider  the  reflection  of  the  nonre¬ 
acting  shock  wave,  denoted  /,  from  the  upper  wall.  Reaction  polar  diagrams  will  be  used 
to  determine  the  nature  of  the  reflected  detonation,  R,  and  the  formation  of  a  detonation 
Mach  stem,  S. 


(a)  (b) 


Figure  3.1:  ODW  ram  accelerator  geometry 

We  begin  with  Moo  =  4.0  and  Qoo  =  1-0  which  for  fixed  7  =  1.4  yields  Mcj  =  2.58.  The 
relevant  reaction  polar  diagram  for  small  values  of  the  turning  angle  is  presented  in  Fig.  3.2. 
The  curve  labelled  SP  denotes  the  locus  of  states  that  can  be  reached  when  the  freestream 
gas  passes  through  a  non-reacting  shock  wave.  Similarly,  DP  denotes  the  locus  of  states 
that  can  be  reached  by  passing  through  an  ODW  with  the  prescribed  heat  release.  The 
solid  dot  represents  the  state  downstream  of  the  nonreacting  shock  wave  formed  by  a  0  =  7 
degree  turning  angle.  In  addition,  the  reflected  detonation  polar,  RdPi  represents  the  locus 
of  states  that  can  be  reached  by  the  gas  that  has  already  passed  through  the  non-reacting 
shock  as  it  passes  through  a  detonation  wave.  The  portion  of  this  curve  with  6  <7  degrees 
corresponds  to  a  reflected  ODW,  i.e.  the  family  of  ODWs  that  decrease  the  flow  angle.  Since 
the  flow  downstream  of  the  wave  should  be  parallel  to  the  wall,  we  look  for  the  intersections 
of  the  Rdp  curve  with  the  p-axis  yielding  the  reflected  wave  that  returns  the  flow  angle  to 
zero.  The  solutions  are  called  regular  reflections. 

The  dashed-dotted  curves  on  both  DP  and  Rop  represent  weak,  underdriven  ODWs  that 
are  not  physically  attainable.  We  observe  that  for  6  =  7,  the  reaction  polar  diagram  indicates 
that  the  shock  wave  will  reflect  as  an  underdriven  weak  detonation  or  as  a  strong  detonation 
with  a  pressure  rise  of  a  factor  of  around  27.  Since  underdriven  waves  are  not  possible, 
the  strong  detonation  solution  will  occur  if  the  kinetics  are  sensitive  enough  to  maintain  a 
pressure-coupled  reaction  front.  Alternatively,  the  shallow  shock  wave  may  not  increase  the 
pressure,  temperature  and  the  corresponding  kinetic  rates  sufficiently  to  maintain  a  strong 
detonation.  In  this  case,  the  shock-induced-combustion  is  uncoupled  from  a  regularly  reflected 
non-reacting  shock  wave. 

As  the  turning  angle  is  increased  to  ^  =  11  degrees,  we  see  in  Fig.  3.3  that  the  C-J 
point  on  the  reflected  detonation  polar  occurs  at  the  intersection  of  the  Rdp  curve  with  the 
pressure  axis  at  a  pressure  ratio  of  about  10.  Thus,  for  a  specified  Moo  and  Qoo,  we  define 
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Figure  3.2:  Reaction  Polar  Diagram  for  Small  Turning  Angle 


the  turning  angle  required  to  obtain  a  regularly-reflected  C-J  ODW  as  9cj,r- 


M^=:4.0  :  Q,=  I.O 


Figure  3.3:  Turning  Angle  Required  for  Regularly-Reflected  C-J  ODW 

As  observed  in  Fig.  3.4,  the  turning  angle  may  be  increased  until  the  reflected  detonation 
polar  intersects  the  p-axis  to  provide  the  same  pressure  rise  that  would  occur  across  a  normal 
detonation  wave.  This  condition,  that  the  Rop  and  DP  curves  intersect  on  the  p-axis,  will 
be  referred  to  as  the  von  Neumann  condition  with  turning  angle,  Op;  -  in  analogy  to  the 
definition  for  non-reacting  shock  waves  [7]  [8].  This  condition  corresponds  to  incipient  Mach 
reflection.  In  other  words,  any  increase  of  6  above  0j^  may  lead  to  the  formation  of  a 
detonation  Mach  stem. 

The  detonation  Mach  stem  is  a  curved  detonation  that  provides  zero  flow  turning  through 
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Figure  3.4:  Turning  Angle  for  Incipient  Detonation  Mach  Reflection 


a  normal  detonation  at  the  wall  and  a  subsonic  downstream  flow  of  products.  As  presented 
in  Fig.  3.1b,  the  stem,  S,  intersects  with  both  the  incoming  non-reacting  shock,  I,  and  the 
reflected  ODW,  R,  at  point  P.  The  vortex  sheet,  V,  separates  the  flow  downstream  of  the 
detonation  Mach  stem  from  the  flow  downstream  of  the  reflected  ODW.  The  pressure  rise 
and  turning  angle  of  these  two  flows  must  match  so  that  both  downstream  flows  can  be 
represented  as  a  point  on  the  reaction  polar  diagram.  A  reaction  polar  diagram  for  a  Mach 
stem  configuration  is  shown  in  Fig.  3.5.  The  detonation  Mach  stem  is  represented  by  the 
nearly  horizontal  portion  of  the  DP  curve  between  its  intersection  with  the  p-axis  and  its 
intersection  with  the  R^p  curve. 

Figure  3.5  also  represents  the  turning  angle  that  makes  the  Rdp  curve  just  tangent  to 
the  p-axis.  This  maximum-deflection  condition,  with  a  turning  angle  defined  as  Bpi,  provides 
a  nearly  sonic  downstream  Mach  number.  Under  some  conditions,  Op)  <  0^,  such  that 
the  maximum-deflection  condition  provides  incipient  Mach  reflection.  As  will  be  shown,  for 
propulsively  useful  fuels  and  freestream  Mach  numbers,  Od  >  0^.  Thus,  we  will  consider 
the  von  Neumann  condition  to  represent  incipient  Mach  reflection  for  the  remainder  of  this 
paper. 

As  the  turning  angle  is  increased  further,  a  point  is  reached  where  the  reflected  ODW 
intersects  the  DP  curve  at  the  C-J  point.  We  define  the  turning  angle  providing  this  condition 
as  0cj,M  as  seen  in  Fig.  3.6.  For  turning  angles  larger  than  this  value,  the  pressure  rise  across 
the  non-reacting  shock  wave  is  so  large  that,  for  a  reflected  wave  to  provide  a  pressure  that 
equals  that  of  any  strong  detonation  Mach  stem,  only  a  weak  underdriven  ODW  is  needed. 
Underdriven  waves  are  unphysical  but  there  are  two  other  solutions  that  may  occur.  First, 
it  is  likely  that  as  6  approaches  0cj,Mi  and  the  detonation  Mach  stem  grows  in  length,  the 
projectile  throat  will  choke  and  the  entire  shock  structure  will  propagate  upstream  and  the 
inlet  will  unstart.  Second,  the  highly  reactive  propellant  gases  may  cause  the  leading  shock 
wave  to  become  an  attached  or  detached  detonation  wave  regardless  of  the  wall  interaction 
processes  [5]. 
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4.  Variation  of  Special  9  Values  with  Moo  and  Qoo 

Recall  that  the  above  figures  were  representative  of  Moo  =  4.0  and  Qoo  =  1-0.  In  this  section 
we  first  investigate  the  nature  of  the  special  turning  angles  for  Moo  =  5.8  and  Moo  =  12.0 
for  fixed  Qoo  =  5.0  (i.e.  Mcj  =  5.1).  Figs.  4.1  and  4.2  contain  these  results.  A  series  of 
Rdp  curves  are  shown  for  various  turning  angles  of  the  incident  shock  wave.  The  turning 
angles  vary  from  1°  to  a  value  that  nearly  provides  a  downstream  Mach  number  equal  to  the 
local  C-J  Mach  number  (i.e.  17°  when  Moo  —  5.8  and  39.5°  when  Moo  =  12.0).  The  locus  of 
the  C-J  states  is  shown  by  the  dotted  curve  in  each  figure.  For  the  smaller  superdetonative 
projectile  speed,  Fig.  4.1  presents  the  locus  of  C-J  states  that  crosses  the  p-axis  above  the 
pressure  of  a  normal  detonation  wave.  Thus,  there  is  no  solution  for  0j\!  or  6cj,m  if  the  Mach 
number  is  near  that  of  a  C-J  wave.  Additionally,  there  is  no  flow  turning  angle  that  results 
in  the  regular  reflection  of  an  overdriven  ODW. 

Fig.  4.2  contains  the  results  for  the  higher  degree  of  overdriving.  In  this  figure  the  locus 
of  C-J  states  passes  the  p-axis  below  the  pressure  rise  of  a  normal  detonation.  Thus,  the 
ordering  of  the  special  angles  is  similar  to  the  ordering  for  Moo  =  4.0  and  Qoo  =  1-0.  Here 
we  obtain  6cj,r  <  On  <  0d  and  On  <  0cj,m  which  may  be  greater  than  or  less  than  Od, 
depending  on  the  particular  Mooand  Qoo- 


Figure  4.1:  Reflected  Detonation  Polars  for  Varying  Turning  Angle  for  M_=5.8,  Q=5.0 

For  a  prescribed  Qoo,  there  is  a  unique  small  superdetonative  Moo,  for  which  the  locus 
of  C-J  states  will  just  cross  the  p-axis  at  the  normal  detonation  pressure  rise  value.  For 
these  conditions.  On  and  0cj,m  come  into  existence  and  0cj,r  =  On  =  Ocj,m  <  Od-  We  now 
investigate  the  variation  of  0cj,r  and  On  with  Moo  above  the  value  required  for  0cj,r  =  On  for 
Qoo  =  1.0,  3.0,  and  5.0.  The  results  are  shown  in  Fig.  4.3.  The  Mach  number  is  normalized 
by  the  C-J  Mach  number  so  that  the  abscissa  represents  the  amount  of  overdriving  that  a 
normal  detonation  wave  travelling  with  the  projectile  experiences.  For  Qoo  =  1-0,  as  the 
Mach  number  increases  we  observe  that  Ocj,r  also  increases  to  a  maximum  angle  of  nearly 
12°  until  the  overdriving  exceeds  1.4  and  then  it  decreases  monotonically  to  near  7°  at 


11 


Figure  4.2:  Reflected  Detonation  Polars  for  Varying  Turning  Angle  for  M=12.0,  Q=5.0 


McafMcj  =  3.  The  turning  angle  for  incipient  Mach  reflection,  increases  monotonically 
from  near  7°  at  M^o/Mcj  =  1-1  to  near  19°  at  M^/Mcj  =  3. 

We  also  observe  in  Fig.  4.3  that  the  range  of  turning  angles  providing  regularly-reflected 
ODW  operation  increases  with  Mo©  for  fixed  (Qoo^  but  decreases  as  Qoo  increases  for  fixed 
Moo.  For  example,  if  Moo/ Me j  =  2  and  Qoo  is  increased  from  1  to  5,  the  range  of  regularly 
reflected  ODW  operation  decreases  from  about  a  9°  range  to  around  a  5°  range. 


Figure  4.3:  Variation  of  Special  Angles  with  Heat  Release  and  Mach  Number 


5.  Summary 

This  discussion  summarizes  the  character  of  the  reflection  of  a  non-reacting  shock  wave  in  a 
detonable  gaseous  mixture  and  the  implications  for  ram  accelerator  operation.  The  primary 
assumption  of  the  study  is  that  the  pressure  and  temperature  rise  across  the  non-reacting 
shock  wave  generated  at  the  tip  of  the  projectile  is  insufficient  to  initiate  chemical  reaction 
in  a  distance  that  is  comparable  to  any  other  length  scale  in  the  problem;  but,  that  any 
further  pressure  rise  will  result  in  immediate  reaction  so  that  a  detonation  wave  will  form. 

For  turning  angles  of  the  non-reacting  shock  wave  below  the  regularly-reflected  C-J  ODW 
turning  angle,  0cJ,R,  a  strong  ODW  will  result  if  the  kinetics  are  truly  sensitive  enough  to  any 
further  pressure  and  temperature  increase.  Since  the  flow  downstream  of  the  strong  ODW  is 
subsonic,  downstream  information  can  propagate  to  the  strong  wave  and  may  force  it  to  move 
upstream  in  an  unsteady  manner.  This  is  one  condition  that  may  lead  to  unstart  of  a  ram 
accelerator.  However,  a  more  likely  scenario  for  small  turning  angles  is  that  a  small  pressure 
rise  will  be  insufficient  to  result  in  rapid  chemical  reaction  so  that  a  regularly-reflected  shock 
wave  should  occur  and  be  followed  by  supersonic  deflagration  or  shock-induced-combustion. 
In  this  case,  the  engine  cycle  efficiency  depends  on  the  extent  to  which  the  supersonic  com¬ 
bustion  occurs  near  the  projectile  throat:  no  thrust  will  be  generated  if  the  combustion 
occurs  downstream  of  the  projectile. 

For  turning  angles  above  6cj,r  but  below  the  von  Neumann  turning  angle,  a  regular 
reflection  of  a  weak  overdriven  ODW  should  occur.  This  operating  mode  assures  supersonic 
flow  over  the  projectile  and  avoids  possible  Mach  reflection  and  associated  unstart. 

The  formation  of  a  detonation  Mach  stem  occurs  when  the  turning  angle  is  above  0n. 
While  some  conditions  may  provide  a  steady  configuration  with  a  detonation  Mach  stem,  the 
length  of  the  stem  is  not  easily  determined.  Furthermore,  since  the  flow  downstream  of  the 
stem  is  subsonic,  it  may  move  upstream  in  an  unsteady  manner  that  leads  to  ram  accelerator 
unstart.  For  this  reason,  we  consider  On  to  represent  the  turning  angle  for  incipient  unstart 
of  a  ram  accelerator. 

Thus,  assuming  that  propellants  have  been  selected  with  the  appropriate  kinetics  charac¬ 
teristics,  one  may  use  the  results  presented  in  this  paper  to  determine  the  turning  angle  and 
minimum, injection  Mach  number  (i.e.  ODW  takeover  velocity)  to  achieve  ODW  operation 
while  avoiding  both  shock-induced-combustion  and  detonation  Mach  stem  formation. 
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EXTENDED  ABSTRACT 
Introduction 

The  conditions  under  which  a  supersonic  blunt  projectile  will  initiate  a  detonation  wave 
are  investigated  experimentally.  A  blunt  body  of  sufficient  size  and  velocity  injected  into  a 
reactive  mixture  can  initiate  a  detonation  wave  which,  if  the  projectile  velocity  is  less  than  the 
mixture  detonation  velocity,  will  propagate  ahead  of  the  projectile.  If  the  projectile  does  not 
initiate  an  unsupported  detonation,  the  mixture  may  still  react  in  a  combustion  wave  which  is  not 
fully  coupled  to  the  projectile  bow  shock.  The  boundary  between  these  two  phenomena  is  the 
subject  of  this  investigation. 

The  first  examination  of  the  projectile  velocity  and  size  required  for  detonation  initiation 
was  made  by  Zeldovich  and  Leipunsky  in  the  early  1940’s.^  Investigations  in  the  1960’s  used 
flow  visualization  to  examine  the  steady  and  periodic  regimes  of  shock  induced  combustion 
around  spheres  and  blunt  cylinders  at  projectile  speeds  above  and  below  the  detonation  speed  of 
the  mixture.^’^’'^’^  These  investigations  focused  on  oscillating  combustion  instabilities  behind  the 
bow  shock  of  the  projectile,  although  a  few  instances  of  detonation  initiation  were  noted.^’^  No 
systematic  investigation  of  the  conditions  under  which  initiation  occurs  has  been  conducted. 

Recently,  the  problem  of  detonation  initiation  by  supersonic  blunt  bodies  has  received 
renewed  attention,  largely  as  a  result  of  interest  in  the  ram  accelerator.  In  1994,  Lee^  and' 
Vasiljev^  independently  developed  similar  theories  for  the  condition  under  which  detonation  will 
occur.  Their  theories  equate  the  critical  energy  required  to  initiate  a  cylindrical  detonation  with 
the  work  done  by  the  drag  force  on  the  projectile,  as  given  by  the  hypersonic  blast  wave  analogy. 
A  rigorous  comparison  of  this  theory  with  experiment  has  not  yet  been  performed.  Experiments 
to  investigate  this  problem  are  underway  at  the  University  of  Washington. 

Experiment  Description 

The  boundary  between  steady  flow  and  unsteady  detonation. initiation  is  currently  being 
examined  experimentally  as  a  function  of  projectile  velocity  and  fill  pressure.  In  these 
experiments,  a  sphere-carrying  sabot  is  fired  from  a  single-stage  light  gas  gun  up  to  2  km/sec 
using  helium  as  the  propelling  gas.  The  sabot  is  stripped  gasdynamically,  leaving  the  sphere  free- 
flying  supersonically  down  the  tube  (Fig.  la).  The  sphere  then  passes  through  a  thin  Mylar 
diaphragm  into  a  large  diameter  tube  (18  cm)  filled  with  combustible  gas  (Fig.  lb).  Experiments 


Fig.  1  Schematic  of  experiments  to  study  detonation  initiation  via 
blunt  bodies  in  both  detonation  chambers  and  confined 
tubes. 


are  also  conducted  with  a  smaller  diameter  (3.8  cm),  confined  tube  to  examine  the  influence  of  the 
multiple  bow  shock  reflections  off  the  tube  wall  downstream  of  the  sphere  (Fig.  Ic).  The  results 
of  the  experiment  are  monitored  by  pressure  transducers  mounted  on  the  tube  wall. 

The  occurrence  of  a  successful  detonation  initiation  is  identified  by  a  pressure  pulse 
traveling  in  front  of  the  sphere  at  approximately  the  Chapman-Jouguet  (CJ)  detonation  speed 
(Fig.  2a).  An  experiment  which  does  not  induce  detonation  is  not  necessarily  without 
combustion;  the  mixture  may  react  behind  the  bow  shock  in  a  smooth,  uncoupled  wave  or  in  a 
weakly  coupled  oscillating  pattern.  A  sphere-initiated  detonation  wave  can  be  differentiated  from 
a  non-detonating  bow  shock  by  the  arrival  time  and  amplitude  of  the  first  pressure  pulse  seen  by  a 
transducer  on  the  wall  of  the  chamber  (Fig.  2b).  Yet  another  possible  outcome  of  the  experiment 
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Uncoupled  Combustion 
or  No  Combustion 


Wall  Initiation 
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Fig.  2  Schematics  of  different  experimental  results.  The  stylized 
pressure  traces  demonstrate  how  these  different  regimes  of 
combustion  are  identified. 


is  the  initiation  of  detonation  by  secondary  effects,  such  as  the  interaction  of  the  bow  shock  with 
the  confinement  of  the  tube  wall.  This  phenomenon  can  be  isolated  from  “direct”  initiation  by  the 
sphere,  since  the  bow  shock  of  a  hypersonic  projectile  does  not  reach  the  tube  wall  until  a 
considerable  time  after  the  projectile  enters  the  test  section.  Since  any  detonation  initiated  by  the 
interaction  of  the  bow  shock  with  the  tube  wall  cannot  overtake  the  original  sphere  within  the 
~1  m  length  of  test  section,  there  is  no  possibility  of  these  wall  effects  confusing  the  results  of  an 
experiment  (Fig.  2c). 

Preliminary  Results 

A  sample  of  results  is  shown  in  Figs.  3  and  4  from  a  large  diameter  tube,  as  illustrated 
schematically  in  Fig.  lb.  The  tube  is  178  mm  in  diameter  and  902  mm  long.  In  these 
experiments,  a  12.7  mm  diameter  chrome  steel  sphere  is  injected  into  a  gas  at  7.5  atm  fill  pressure. 
Fig.  3  shows  the  results  from  a  sphere  traveling  at  1650  m/sec  (Mach  4.7)  through  a  tube  filled 
with  nitrogen,  an  inert  gas.  The  pressure  transducers  are  spaced  215  mm  apart,  with  the  first 


Fig.  3  Pressure  data  for  sphere  traveling  at 
1650  m/sec  (Mach  4.7)  through 
7.5  atm  of  nitrogen,  compared  to 
Billig’s  prediction  of  bow  shock 
location.  Traces  from  the  opposite 
side  of  the  tube  are  inverted. 


Fig.  4  Pressure  (solid  line)  and  luminosity 
(dashed  line)  data  for  a  detonation 
initiated  by  a  sphere  traveling  at 
730  m/sec  (Mach  2.1)  through 
2H2+02+7Ar  at  7.5  atm.  See  Fig.  lb 
for  transducer  locations. 


probe  just  21  mm  from  the  entrance  diaphragm.  The  data  are  scaled  to  the  fill  pressure  of  7.5  atm. 
The  pressure  transducers  show  the  bow  shock  impinging  on  the  wall  approximately  160  |j,s  after 
the  passage  of  the  sphere,  which  occurs  at  time  ?  =  0  p,s.  This  delay  correlates  well  with  the 
expected  bow  shock  location  as  predicted  by  an  empirical  correlation  after  Billig,  shown  as  a 
dotted  line.^’^  A  difference  in  arrival  time  of  20  fis  can  be  observed  on  opposite  sides  of  the  tube. 
Using  the  Billig  correlation  and  the  known  speed  of  the  sphere,  this  difference  can  be  computed  to 


result  from  less  than  a  5  mm  displacement  of  the  sphere  from  the  tube  axis.  The  lagging  of  the 
bow  shock  behind  its  predicted  location  in  traces  3, 4,  and  5  is  due  to  drag  losses  in  the  sphere’s 
velocity,  which  are  not  taken  into  account  here. 

Results  from  a  firing  into  a  combustible  mixture  are  shown  in  Fig.  4.  A  sphere  identical  to 
the  one  from  Fig.  3  is  injected  at  733  m/sec  (Mach  2.1)  into  a  mixture  of  2H2+02+7Ar,  again  at 
7.5  atm.  In  addition  to  the  pressure  transducers,  data  are  also  shown  from  photoelectric  sensors, 
which  are  connected  to  the  tube  wall  via  fiber  optic  cable.  The  data  from  the  photoelectric  sensor 
(shown  as  a  dashed  line)  are  largely  qualitative  and  are  left  unsealed,  though  they  do  give  an 
indication  of  the  presence  and  location  of  combustion.  Both  the  pressure  and  luminosity  data 
show  a  detonation  wave  forming  immediately  in  front  of  the  sphere  and  propagating  ahead  of  it. 
The  wave  initially  appears  overdriven,  traveling  at  greater  than  120%  of  the  CJ  speed  between 
traces  1  and  2.  The  wave  quickly  decays;  the  velocity  of  the  wave  between  traces  4  and  5  is 
1760  m/sec,  within  1%  of  the  theoretical  CJ  speed.  Since  the  detonation  was  observed  well  in 
front  of  the  sphere  even  before  the  bow  shock  had  time  to  reach  the  tube  wall,  the  conclusion  is 
that  this  detonation  was,  initiated  directly  by  the  impact  of  the  sphere  into  the  combustible  gas 
(corresponding  to  the  case  shown  in  Fig.  2a). 

Sample  results  from  an  experiment  in  a  smaller  diameter,  confined  tube  are  shown  in 
Figs.  5  and  6.  In  these  experiments,  a  12.7  mm  diameter  steel  sphere  is  again  fired  into  a  mixture 
of  2H2+02+7Ar.  The  tube  diameter,  however,  is  significantly  reduced  to  38.1  mm.  The  fill 
pressure  has  also  been  reduced  to  1  atm.  The  first  pressure  trace  in  Fig.  5  is  taken  from  the  inert 
gas  used  to  strip  the  sabot  (Fig.  la)  and  shows  a  typical  nonreacting  pressure  profile  generated  by 
the  impingement  of  the  bow  shock  on  the  tube  wall.  The  impingement  now  occurs  almost 
concurrently  with  the  passage  of  the  sphere.  The  sphere  is  traveling  at  a  velocity  of  1100  m/sec, 
or  65%  of  the  theoretical  CJ  speed  in  the  combustible  mixture.  A  small  silhouette  of  a  sphere 
shows  its  position  and  diameter  relative  to  the  data.  The  next  five  traces  (a-e)  are  from  sensors 
spaced  40  cm  apart,  beginning  20  cm  after  the  thin  diaphragm  separating  the  inert  and 
combustible  gases.  Both  pressure  and  luminosity  data  show  a  distinct  combustion  wave 
developing  in  the  wake  and  overtaking  the  projectile.  By  the  time  of  trace  c,  a  free  running 
detonation  has  been  initiated  in  front  of  the  sphere  and  by  trace  e  has  settled  down  to  a  velocity  of 
1680  m/sec,  within  1%  of  the  theoretical  CJ  speed.  Similar  results  were  obtained  with  projectile 
velocities  over  the  range  from  900  m/sec  up  to  the  CJ  speed,  although  detonation  initiation  was 
more  prompt  in  the  higher  velocity  cases. 

Fig.  6  shows  an  identical  experiment,  only  with  the  sphere  velocity  reduced  to  800  m/sec. 
No  combustion  activity  is  seen,  and  the  projectile  proceeds  supersonically  down  the  tube.  This 
result  implies  a  critical  velocity  of  800-900  m/sec,  or  50%  of  the  detonation  speed,  is  required  to 
initiate  a  detonation  in  2H2+02+7Ar  at  1  atm  with  this  projectile  and  tube  geometry. 

Conclusion 

Experiments  in  progress  are  studying  the  critical  velocity  for  detonation  initiation  by 
spheres  as  a  function  of  pressure.  The  simplicity  of  geometry  and  the  isolation  of  wall  influence 
and  confinement  effects  allow  these  experiments  to  bridge  the  gap  between  contemporary  ram 
accelerator  research  and  classical  detonation  parameters  such  as  cell  size  and  critical  tube 


Time  (|xsec) 

Fig.  5  Pressure  (solid  line)  and  luminosity 
(dashed  line)  data  for  a  detonation 
initiated  by  a  sphere  traveling  at 
1100  m/sec  (65%  CJ  speed). 


Fig.  6  Pressure  (solid  line)  and  luminosity 
(dashed  line)  data  for  sphere 
traveling  at  800  m/sec  (50%  CJ 
speed).  Note  no  detonation  was 
initiated. 


diameter.  The  results  could  illuminate  important  aspects  of  the  ram  accelerator,  such  as 
combustion  and  detonation  stabilization,  unstart  phenomena,  and  the  possible  merits  of  operating 
without  interaction  with  the  tube  wall. 
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ABSTRACT 

This  paper  presents  the  ISL  expansion  tube  as  a  useful  means  for  investigating  the  gasdy- 
namic  phenomena  occurring  inside  a  ram-accelerator.  It  could  be  demonstrated  that  with  a  spe¬ 
cially  devised  expansion  tube,  a  combustible  gas  mixture  can  be  accelerated  to  a  superdetonative 
velocity  without  autoignition.  The  experiments  in  the  expansion  tube  are  carried  out  for  basic 
research  purposes  on  ram-accelerator-related  combustion  phenomena  and  also  for  supporting  and 
optimizing  the  operation  of  the  30  mm  and  90  mm  ram  accelerator  facilities  at  ISL.L2  in  this  paper 
we  discuss  some  experiments  performed  using  the  expansion  tube.  These  experiments  were  carried 
out  to  demonstrate  the  establishment  and  stabilization  of  combustion  at  a  step  or  a  second  small 
cone  following  the  forebody  cone.  This  second  cone  represents  a  small  step  on  a  projectile  flying  at 
hypersonic  speed  in  an  external  propulsion  accelerator,  as  proposed  by  Rom.3  Using  a  modified 
CCD-camera  we  succeeded  in  recording  the  emission  in  the  wavelength  range  300  nm  to  320  nm, 
emitted  by  the  OH  band  "A  -  X  ^nj".  By  this  method  we  can  measure  the  onset  of  combus¬ 
tion,  its  spatial  extension  and  its  duration.  The  experimental  results  are  compared  to  fluid  dynamics 
calculations  using  a  CFD  code  that  solves  the  2D-axisymmetric,  Reynolds-Averaged  Navier  Stokes 
(RANS)  equations  including  equations  for  chemical  kinetics  (finite-rate  and  equilibrium),  as  given 
by  Nusca.4 


INTRODUCTION 

The  worldwide  first  ram  accelerator  was  devised  and  successfully  operated  by  Hertzberg  et 
al.5  and  Bruckner  et  al..^  The  ram  accelerator  is  based  on  the  ramjet  principle.  A  sharp-nosed 
projectile,  which  resembles  the  centrebody  of  a  conventional  ramjet  runs  inside  a  tube  filled  with  a 
combustible  gas  mixture.  The  tube  acts  as  the  outer  cowling  of  the  ramjet  and  the  energy  release  by 
combustion  produces  high  pressure  at  the  base  of  the  projectile  providing  thrust.  The  reason  for 
testing  the  gasdynamic  ram-accelerator-related  phenomena  in  an  expansion  tube  is  the  difficulty  to 
obtain  reliable  information  about  the  details  of  the  combustion  processes  occurring  aroimd  a 
moving  projectile.  On  the  contrary,  with  our  expansion  tube  and  a  fixed  projectile  in  a  moving  gas, 
information  can  be  obtained  in  a  much  simpler  way.  We  succeeded  in  accelerating  combustible  gas 
mixtures,  without  autoignition,  to  superdetonative  velocities  under  well-known  conditions,  see 
Srulijes  et  al.."^ 

We  employed  a  special  shock  tube  with  a  third  section  at  a  very  low  pressure  filled  with 
hydrogen,  called  expansion  section,  beyond  the  driven  section.  Because  of  the  non-stationary 
expansion,  this  set-up  provides  high  gas  velocities  with  very  hi^  stagnation  temperatures  in  the 
expansion  section.  The  shock  tube  was  modified  by  mounting  an  additional  section  filled  with  an 
inert  gas  (hydrogen  or  nitrogen),  named  buffer  section,  placed  between  the  driver  tube  containing 
hydrogen  and  the  driven  tube  filled  with  the  combustible  gas  mixture.  This  buffer  section  is  indis- 


pensable  to  avoid  pre-ignition  caused  by  the  rupture  of  the  steel  diaphragm.  The  geometry  of  the 
expansion  shock  tube  used  for  the  experiments  presented  in  this  paper  is  as  follows:  inner  diameter 
=  0.1  m,  driver  length  =  2.7  m,  buffer  length  =  3.5  m,  driven  tube  length  =  6.7  m  and  expansion 
tube  length  =  8.5  m. 

The  mean  flow  parameters  were:  velocity  =  2280  m/s,  static  pressure  =  0.65  bar  and  static 
temperature  =  285  K.  Both,  the  calculated  and  the  measured  test  time  for  our  expansion  tube 
(constant  flow  parameters)  is  about  650  ps  before  the  flow  begins  to  decay.  All  the  experiments 
shown  in  the  paper  were  carried  out  using  a  stoichiometric  gas  mixture  of  methane  and  air  and  for 
the  comparative  experiments,  without  combustion,  we  used  nitrogen  instead  of  air.  The  Chapman- 
Jouguet  velocity  of  the  gas  mixture  is  1823  m/s,  calculated  with  the  real  gas  code  MEGEC  of 
Gatau  8.  The  calculated  velocity  was  checked  by  measuring  the  pressure  history  on  the  surface  of  a 
wedge  with  ^2  =  15®  and  also  by  Pitot  measurements  using  PCB  pressure  gauges  type  113A24. 
Both,  wedge  surface  as  well  as  Pitot  pressures,  were  measured  in  the  Mach  cone  flow. 

With  our  expansion  tube  a  hypersonic  and  superdetonative  flow  can  be  produced  and  used 
for  testing  the  flow  around  models  of  different  shapes.  As  an  interesting  test  example  for  experi¬ 
mental  study  using  our  expansion  tube,  we  chose  a  model  based  on  Rom's  idea  of  die  external 
propulsion  accelerator.  Using  his  words:  "the  question  of  establishment  and  stabili2ation  of  a 
combustion  or  detonation  front  on  a  projectile  fl5dng  at  hypersonic  speeds  in  a  detonable  mixture  is 
of  interest  both  as  a  fundamental  combustion  problem  and  for  practical  application  in  the  external 
propulsion  accelerator.  It  is  also  relevant  to  the  oblique  detonation  wave  engine,  the  ram  accel¬ 
erator,  and  various  scramjet  engines." 

The  overall  reaction  time  for  combustion  processes,  as  described  by  Anderson  et  al^,  is 
generally  inversely  proportional  to  pressure  (or  density)  to  an  exponent  one  for  binary  collisions 
(two-body  reactions),  and  to  an  exponent  two  for  ternary  reactions,  and  exponentially  dependent  on 
temperature.  Taking  the  binary  scaling  law  as  an  approximation,  the  results  obtained  in  the  exp^- 
sion  tube  experiment  can  be  transformed  to  the  actual  conditions,  i.e.,  Rom  s  external  propulsion 
accelerator  or  the  ram  accelerator  itself 


FLOW  VISUALIZATION 

General 

The  flow  visuali2ation  was  done  by  means  of  differential  interferometry  as  d^cribed  by 
Smeets  and  George^o.  This  optical  measuring  technique  allows  the  visualization  of  density  gradient 
fields.  We  visualized  the  flow  by  two  means  -  framing  pictures  and  streak  records  -  using  a  rotatmg 
drum  camera  in  both  cases.  For  die  framing  pictures  the  whole  window  is  focused  on  the  rotating 
film  and  illuminated  by  eight  successive  air  sparks  (At  =  200  ps).  For  the  streak  records  only  a  sec¬ 
tion  of  the  flow  field  limited  by  a  small  slit  is  focused  onto  the  rotating  drum,  by  using  a  flash  light 

for  illumination  (duration  time « 4.0  ms).  •  •  i  j 

We  studied  the  behaviour  of  the  flow  aroimd  various  geometries:  a  two-dimensional  wedge 
followed  by  a  step,  a  three-dimensional  model  consisting  of  a  cone  followed  by  a  ring  cowling 
where  the  onset  of  combustion  with  different  cowling  thicknesses  was  studied  and  extensively,  a 
double-cone  configuration.  The  angle  of  the  forebody  cone  ^2  for  the  double-cone  model  was 
calculated  to  have,  for  the  given  freestream  conditions,  a  ^2  resulting  in  a  T2  »  800  K,  i.e.,  ^2 
25°;  a  second  small  cone,  with  an  angle  follows  the  forebody  cone  representing  a  small  step 
with  height  h.  For  this  second  cone  we  used’  different  angles  (measured  from  the  model  axis)  and 


different  step  heights,  varying  from  Si  =  50°  to  85°  and  h  =  1  mm  to  4  mm.  Two  different  diame¬ 
ters  for  the  cylindrical  body  were  used  (34  mm  and  50  mm).  All  models  were  placed  outside, 
shortly  after  the  end  cross-section  of  the  expansion  tube  (Mach  cone),  to  allow  the  low  Mach 
niunber  hydrogen  flow  leaving  the  tube  before  the  test  gas  arrives.  Some  experiments  were  carried 
out  with  off-axis  position  of  the  model,  having  a  displacement  of  25  mm  from  the  flow  axis,  to  use 
as  much  as  possible  of  the  core  of  the  Mach  cone  flow. 

The  interferogram  at  the  left  of  Fig.  1  shows  the  combustion  flow  configuration  obtained 
with  a  wedge  of  40  mm  width,  with  S2  =  15°  and  with  a  step  of  h  =  4  mm.  The  model  is  mounted 
off-axis.  The  picture  at  the  right  shows  the  corresponding  control  experiment  with  no  combustion. 
The  flow  configuration  with  combustion,  especially  in  the  recirculation  zone  in  front  of  the  step, 
can  be  compared  to  the  one  without  combustion. 

In  Fig.  2  we  see  the  flow  configuration  with  and  without  combustion  for  a  three-dimen¬ 
sional  model  with  a  ring,  consisting  of  a  cone  of  ^2  “  13°  (similar  to  the  angle  used  for  the  ram 
projectiles)  and  a  ring  cowling  with  h  =  3  mm.  This  ring  is  designed  in  a  way  to  have  the  cone  bow 
shock  impinging  at  the  inner  comer  of  the  front  edge  of  the  ring,  as  can  be  seen  in  the  control 
experiment.  This  configuration,  as  opposed  to  the  double-cone  configuration,  leads  to  a  normal 
shock  in  front  of  the  ring  cowling.  The  large  combustion  zone  induced  by  the  shock  at  the  ring  can 
thus  be  seen. 


Double-cone 

Fig.  3  presents  two  interferograms  showing  a  combustion  front  wave  and  the  corresponding 
flow  configuration  for  the  control  experiment  for  a  double-cone  S2  =  25°  /  S\  =  50°  /  h  =  4  mm 
with  34  mm  body  diameter.  A  steeper  front  wave  and  a  different  flow  pattern,  due  to  combustion, 
compared  to  the  control  experiment,  can  be  recognized. 

The  mterferograms  in  Fig.  4  show  the  combustion  front  wave  and  the  corresponding  flow 
configuration  for  the  control  experiment  for  a  double-cone  ^2  ~  25°  /  =  50°  /  h  =  4  mm,  here 

with  a  50  mm  body  diameter..  The  model  is  mounted  off-axis. 

On  the  upper  side  of  Fig.  5  we  see  a  streak  record  for  the  double-cone  configuration  of  Fig. 
4,  taken  through  a  0.25  mm  wide  slit  placed  parallel  to  the  body  at  2  mm  distance  from  the  wall. 
This  streak  picture  shows  all  three  regimes,  i.e.,  super-,  trans-  and  subdetonative.  The  expansion 
wave  produced  by  the  bmrsting  of  the  diaphragm  reaches  the  test  section  during  the  time  of  the 
streak  record  reducing  the  gas  velocity.  It  allows  to  pass  through  all  three  regimes  in  only  one 
experiment.  In  the  superdetonative  domain  the  combustion  front  wave  position  is  practically 
steady.  After  the  transdetonative  region  in  the  subdetonative  regime  a  pulsating  combustion  takes 
place,  for  the  methane-air  case,  due  to  the  periodic  ignition  and  separation  of  the  combustion.  The 
streak  shows  the  instationarity  of  the  combustion  front  wave.  For  the  comparative  ex^riment  with 
methane-nitrogen,  the  position  of  the  shock  wave  is,  as  expected,  nearly  constant  during  the  whole 
measuring  cycle. 

Two  differential  interferograms  can  be  seen  in  Fig.  6  showing  a  combustion  front  wave  and 
the  corresponding  flow  configuration  for  the  control  experiment  for  a  double-cone  &2  ~  25°  /  = 

85°  /  h  =  2.5  mm  with  50  mm  body  diameter.  The  model  is  mounted  off-axis.  We  used  this  model 
geometry  exclusively  for  both,  the  OH-emission  measurements  and  the  CFD  calculations  discussed 
below. 


DOUBLE-CONE 


Recording  of  OH-emission 

By  means  of  a  substantially  modified  CCD-camera  (LHESA  mod.  5018),  as  described  by 
Eichhom  et  al.*^  we  recorded  in  Afferent  ways  the  emission  in  the  wavelength  range  300  nm  to 
320  nm,  which  contains  the  OH  band  "A  -  X  2ni".  The  camera  is  equipped  with  a  CCD  image 

sensor  (THOMSON  TH7864)  consisting  of  two  parts:  a  light  sensitive  image  zone  and  a  memory 
zone  where  the  charges  generated  in  the  image  zone  by  the  incoming  ligb^t  intensity  can  be  rapidly 
stored.  Each  zone  consists  of  288  lines  and  550  columns.  By  appropriately  transferring  whole 
fi’ames  or  partial  frames  up  to  single  lines  from  the  image  zone  to  the  memory  zone,  a  large  variety 
of  registration  modes  from  framing  to  streak  modes  can  be  used.  In  the  streak  mode  the  possible 
time  resolution  is  better  than  10  ps  per  line. 

The  experimental  set-up  for  these  registrations  is  shown  in  Fig.  7.  The  double-cone  shown 
in  flow  direction  is  mounted  off-axis  with  its  upper  wall  being  on  the  axis  of  the  flow 
(displacement  25  mm).  The  image  of  the  test  model  and  its  flow  field  is  formed  by  means  of  a 
quartz  lens  (f  =  80  mm)  through  an  interference  filter  (transmission  peak  at  310  mn,  half  width  12 
nm)  at  the  entrance  plane  of  a  gateable  micro  channel  plate.  The  amplified  image  is  recorded  by 
means  of  the  CCD-camera  described  above.  In  the  framing  mode  the  exposure  time  is  defined  by 
the  gate  of  the  image  amplifier,  while  in  the  streak  mode  the  gate  remains  activated  and  the  time 
resolution  is  defined  by  the  timing  of  the  transfer  of  the  lines  or  line  groups  firom  the  image  zone  to 
the  memory  zone. 

Figs.  8  and  9  show  two  registrations  of  the  emission  in  the  framing  mode  with  different 
exposure  times:  200  ps  and  100  ps  respectively.  The  exposure  started  about  150  ps  after  the  be¬ 
ginning  of  combustion.  The  side  view  contour  of  the  model  is  superposed  as  a  reference  for  posi¬ 
tion  and  size.  If  we  assume  that  OH  chemiluminescent  emission  is  correlated  with  gas  combustion, 
then  the  images  show,  for  the  given  exposure  time,  the  extension  of  the  combustion  zone. 

Fig.  10  shows  a  series  of  seven  partial  images  with  an  exposure  time  of  50  ps  and  At  =  100 
ps  between  each  of  them,  thus  showing  the  development  of  the  combustion  during  the  first  500  ps. 
For  this  registration  the  camera  was  rotated  by  about  25  degrees  to  become  parallel  to  the  cone  sur¬ 
face.  The  flow  direction  is  indicated  by  the  right  part  of  the  contour  superposed  in  Fig.  10.  These 
images  clearly  show  that  the  flow  ignites  at  the  step  and  from  there  the  combustion  propagates  to¬ 
wards  the  cone  and  the  cylinder. 

The  result  of  a  streak  recording  is  shown  in  Figs.  11  and  12.  The  orientation  of  the  camera 
is  the  same  as  in  Fig.  10.  The  time  resolution  is  50  ps  per  line.  The  intensity  distribution  is  shown 
as  a  function  of  time  along  a  line,  parallel  to  the  cone  surface,  cutting  the  step  of  the  model.  Fig.  1 1 
shows  100  lines  in  a  pseudo-colour-plot,  while  Fig.  12  shows  28  lines  covering  the  first  1.4  ms  of 
the  combustion  in  a  pseudo-3D-plot.  These  figures  show  the  location  of  combustion  maxima  and 
inform  quantitatively  about  the  combustion  time.  A  strong  combustion  occurs  during  the  first  700 
ps  and  then  a  weak  combustion  continues  for  some  milliseconds  as  described  by  Srulijes  et  al..”^ 
Our  "clean”  test  time  is  of  the  same  order  as  measured  here.  Combustion  is  also  observed  in  front 
of  a  detachment  flow  region  of  about  7  mm  in  front  of  the  step.  Due  to  the  subsonic  regions  in  the 
boundary  layer,  the  combustion  beginning  at  the  step  can  obviously  influence  the  upstream  super¬ 
sonic  flow  near  the  leading  cone. 


Pressure  Measurements 


The  static  pressure  is  measured  at  the  end  of  the  tube  with  a  PCB  gauge  type  113A21.  Us¬ 
ing  PCB  pressure  gauges  type  1 13A24  and  1 13A34  we  measured  the  static  pressure  on  the  cylindri¬ 
cal  body,  i.e.,  measuring  stations  G1  =  5  mm,  G2  =  35  mm  and  G3  =  45  mm  after  the  second  cone. 
The  pressure  gauges  were  quasi-dynamically  calibrated  already  mounted  in  the  test  model.  We 
used  a  special  device  that  generates  pressure  pulses  of  about  1  ms,  giving  calibration  values  better 
than  one  percent.  All  pressure  gauges  exposed  to  high  temperature  are  protected  with  a  0.2  mm 
wax  layer. 

Fig.  13  shows  pressure  time  histories  for  one  of  the  experiments  with  non-reacting  flow.  All 
three  gauges  show,  first  the  pressure  histories  corresponding  to  the  low  Mach  number  hydrogen 
flow  for  about  750  ps  and  then,  the  arrival  of  the  hi^  Mach  number  CH4  +  N2  test  gas  is  clearly 
seen  with  gauges  G1  and  G2.  The  gauge  at  the  end  of  the  expansion  tube  GO  shows  the  pressure 
history  of  the  free  stream  flow.  G1  shows  the  pressure  increase  due  to  shock  compression.  G2  gives 
the  corresponding  pressure  history  behind  the  expansion  wave. 

Fig.  14  presents  pressxue  time  histories  for  an  example  experiment  with  reacting  flow.  As 
can  be  seen,  both,  G1  and  G2  show  a  significant  pressure  increase  due  to  combustion. 

The  mean  wall  pressure  ratio  (reacting/inert)  taken  from  13  different  experiments  are  2.02 
for  Gl,  2.51  for  G2  and  2.35  for  G3.  The  pressures  measured  at  G2  and  G3  are  in  good  agreement 
with  CFD-calculation  shown  in  Fig.  18.  The  value  of  Gl  is  smaller  than  the  calculated  value, 
maybe  due  to  the  position  near  the  step,  where  the  pressure  increase  is  quite  steep.  The  CFD  abso¬ 
lute  values  of  pressure  are  rather  high  compared  with  the  experiments,  the  reason  can  be  found  in 
the  difference  between  calculated  and  measured  shape  of  the  shock. 


CFD-Calculations 

The  computational  fluid  dynamics  effort  was  performed  at  the  US  Army  Research  Labora¬ 
tory  using  a  computer  code  that  solves  the  2D-axisymmetric  Reynolds  Average  Navier-Stokes 
equations  (RANS)  with  nonequilibrium  chemical  reactions.  Chemical  kinetics  are  fully  coupled  to 
the  gas  dynamics  equations.  Molecular  diffusion,  thermal  conduction  and  viscosity  (including  a 
mixing-length  turbulence  model)  are  included.  A  co-volume  equation  of  state  is  used.  The  gov¬ 
erning  equations  are  rendered  in  conservative  finite-volume  form  and  solved  using  an  upwind 
implicit  numerical  scheme.  For  the  present  application  a  3-step  global  kinetics  mechanism  was 
employed  for  seven  methane/air  species  (CH4,  O2,  N2,  H2,  CO,  CO2,  H2O).  Further  details  are 
given  by  Nusca.'^  The  computational  mesh  was  generated  in  a  zonal  body-fitted  fashion  such  that 
sharp  geometric  comers  and  the  details  of  the  geometry  are  preserved.  Approximately  12700  grid 
points  were  used  to  represent  the  computational  domain  around  the  model  (the  tunnel  walls  were 
assumed  to  be  200  mm  from  the  model  centerline)  The  code  was  executed  for  approximately  3.3 
hours  of  computer  time  on  a  CRAY2  computer  to  yield  a  steady  flow  solution  The  freestream 
Mach  number,  pressure,  temperature  were  6.651, 0.592  atm,  285  K,  respectively.  Plotted  results  are 
presented  in  form  of  density  colour  plot  (the  density  being  normalized  by  the  freestream  values). 
Combustion  is  calculated  in  a  5  mm  detachment  flow  region  in  front  of  the  second  cone,  on  the 
leading  cone  and  on  the  cylindrical  body,  which  is  in  good  agreement  with  the  OH-measurements 
described  above.  The  reaction  was  not  extinguished  by  expansion  after  the  second  cone,  thus 
resulting  in  a  pressure  increase  around  the  cylinder,  see  similar  results  by  Rom,  Nusca,  et  al..^^ 


Fig.  15  presents  a  colour  contour  plot  of  the  x-component  of  velocity  for  non-reacting  flow, 
showing  the  separated  flow  region  of  about  5  mm  near  the  step.  This  separated  flow  region  plays 
an  important  role  for  flow  ignition,  as  could  be  deduced  from  the  OH-registrations.  The  freestream 
u-velocity  is  plotted  in  red,  light  blue  is  low  speed  attached  flow,  dark  blue  is  reverse  flow.  The 
wall  boundary  layers  can  be  clearly  seen  as  well. 

Fig.  16  shows  a  colour  contour  plot  of  density  for  reacting  flow,  normalized  by  the 
freestream  value,  showing  an  extensive  combustion  on  the  step  and  after  the  step.  By  plotting  the 
H2O  contours  a  small  amount  of  combustion  can  be  seen  in  the  boundary  layer  of  the  forebody 
cone.  This  result  is  in  good  agreement  with  our  OH-records.  The  shape  of  the  calculated  shock 
wave  due  to  the  second  cone  is  less  steep  than  the  experimental  one  shown  in  Fig.  6. 

Fig.  17  shows  a  colour  contour  plot  of  density  for  non-reacting  flow,  normalized  by  the 
freestream  value,  showing  in  red  a  strong  (i.e.,  red  is  high  density)  oblique  shock  generated  by  the 
separated  flow  region  about  one  step  height  in  front  of  the  step.  This  oblique  shock  merges  with  the 
weaker  (i.e.,  orange  is  lower  density)  oblique  nose  shock  and  generates  a  nearly-normal  curved 
transmitted  shock  above  the  step,  similar  to  what  can  be  seen  in  the  interferograms.  The  difference 
between  experiment  and  CFD  is  that  the  calculated  separated  region  is  smaller.  A  grid  refinement 
before  the  step  may  give  a  weaker  oblique  shock  and  thus  result  in  a  different  shape  shock  system. 
The  grid  refinement  will  be  done  until  the  computed  resxilts  become  grid  independent. 

Fig.  18  shows  the  calculated  wall  pressure  ratio  (reacting/inert),  G1  corresponds  to  53  mm, 
G2  to  83  mm  and  G3  to  93  mm. 


SUMMARY  AND  CONCLUSIONS 

The  expansion  tube  combined  with  differential  interferometry,  OH-records  and  pressure 
measurements  is  used  to  study  the  problem  of  the  establishment  and  stabilization  of  combustion  at 
a  small  step  following  a  forebody  cone.  Various  test  models  and  different  geometries  were  used. 

Time  resolved  recording  of  OH-emission  in  an  expansion  tube  generated  flow  was  used 
here  for  the  first  time.  This  method  allows  to  localize  combustion  and  to  measure  its  duration  in 
time.  This  technique,  as  presented  here,  is  a  good  method  for  studying  combustion  related  phenom¬ 
ena  if  planar  laser-induced  fluorescence  (PLIF)  as  used  by  Kamel  et  al.^^  is  not  available. 

OH-records,  differential  interferograms  and  pressure  measurements  proved  that  the  com- 
bxistion  is  not  extinguished  after  the  step  and,  therefore,  the  resulting  pressure  increase  can  be  used 
for  external  propulsion  accelerator  purposes.  The  experiments  show  ttet  the  combustion  is  induced 
at  the  step  and  also  influences  the  upstream  supersonic  flow  near  the  leading  cone. 

The  experimental  results  were  compared  with  CFD-calculations  performed  at  the  US  Army 
Research  Laboratory.  The  combustion  at  the  step  and  at  the  forebody  cone,  the  detachment  region 
in  front  of  the  step  as  well  as  the  pressure  increase  due  to  combustion  aroimd  the  cylindrical  body 
were  well  predicted  by  the  calculations.  The  shock  shape  and  the  resulting  pressure  distribution 
after  the  shock  will  be  subject  of  new  calculations  with  a  mesh  refinement  in  front  of  the  second 
cone.  The  3-step  global  kinetics  mechanism  employed  for  the  seven  species  given  above  was  suc¬ 
cessfully  validated  by  the  good  agreement  of  computer  and  experimental  results. 
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Fig.  4,  Differential  interferograms  showing  combustion  front  wave  and  corresponding  control  experiment  with  no  combus¬ 
tion  for  an  off-axis  mounted'double-cone  S2  =  25=  /  Sj  =  50=  /  h  =  4  mm  with  a  50  mm  body  diameter. 


for  the  double-cone  configuration  of  Fig.  4,  with  0,2d  mm  slit  at 
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Fio.  6.  Differential  interferogranis  showing  combustion  front  wave  and  corresponding  control  experiment  with  no  combu; 
tion  for  an  off-axis  mounted  double-cone  S2  25''  /  &|  ~  ^5"^'  /  h  =^2.5  mm  with  a  50  mm  oody  diameter. 
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Fig.  7.  Set-up  used  for  Ofi -registrations. 


Fig.  8.  OH-emission  in  framing  mode,  exposure  time 
200  us,  showing  the  combustion  zone,  visualized  from 
the  side,  for  the  ofT-axis  mounted  cone  of  Fig.  6. 


Fig.  9.  OH-emission  in  framing  mode,  as  described  in 
Fig.  8,  with  a  shorter  exposure  time  of  100  us. 


Fig.  11,  Pseudo-coior-plot  of  a  streak  record  with  50  us 
time  resolution  shovring  the  position  and  time  develop¬ 
ment  of  combustion  for  the  off-axis  mounted  cone  of 
Fig.  6  with  the  camera  rotated  by  about  25  degrees. 


Fig.  12.  PseudooD-plot  of  the  streak  record  in  Fig.  11 
shmvi.ng  the  position  and  time  development  of  combus¬ 
tion. 


Fig.  10.  Series  of  seven  images  showing  the  combustion 
development  during  the  first  500  us  for  the  off-axis 
mounted  cone  of  Fig.  6. 
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Fig.  13.  Pressure  time  histories  for  non-reactins;  flow 


Fig.  14.  Pressure  time  histories  for  reacting  flovv' 
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Fig.  15.  CFD-calculated  x-component  velocity 


Fig.  16.  CFD-calculated  density  for  .reacting  flow 
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ABSTRACT 

Submitted  to  The  Second  International  Workshop  on  Ram  Accelerators 

An  expansion  tube  facility  has  been  built  at  Stanford  University  to  enable  spatially 
resolved,  instantaneous  optical  measurements  of  supersonic  reactive  flow  fields.  The  device 
is  similar  to  a  conventional  shock  tunnel,  except  that  the  steady,  2-D  expansion  process  of 
a  shock  tunnel  is  replaced  by  a  low-pressure  expansion  section  which  accelerates  the  flow 
via  an  unsteady,  1-D  rarefaction.  Here,  we  report  on  continuing  efforts  to  characterize  the 
performance  of  our  facility  as  well  as  to  perform  planar  laser  induced  fluorescence  (PLIF) 
measurements  in  a  supersonic  reactive  flow  field. 

The  work  at  Stanford  is  intended  to  complement  the  ongoing  international  development 
of  the  ram-accelerator  concept  proposed  by  Herzberg  et  al.  (1986.)  The  ram-accelerator 
has  been  studied  experimentally  at  the  University  of  Washington  (Herzberg,  1987),  Institut 
Saint-Louis  (Giraud,  1992)  and  the  U.S.Army  Research  Laboratory  (Kruczynski,  1993.) 
However,  flow  field  diagnostics  have  been  limited  mainly  to  high-speed  cameras,  pressure 
transducers,  photo  diode  sensors,  and  Doppler  radar.  In  our  approach,  the  projectile  is 
fixed  in  the  laboratory  reference  frame,  and  the  expansion  tube  generates  a  flow  over  the 
body  similar  to  that  experienced  by  a  projectile  in  a  real  accelerator.  This  allows  use 
of  modern  optical  diagnostic  techniques,  such  as  PLIF,  to  obtain  information  about  the 
reacting  flow  field  surrounding  a  fixed  body.  The  utility  of  an  expansion  tube  for  ram- 
accelerator  related  research  has  been  verified  by  Srulijes,  Smeets,  and  Seiler  at  ISL,  France 
(1992.) 

A  schematic  of  the  facility  is  shown  in  Fig.  1.  The  apparatus  is  designed  to  accelerate  a 
fuel-air  test  gas  (typically  stoichiometric  CH4-Air)  to  Mach  4-7  without  premature  ignition 


of  the  mixture.  The  test  gas  is  initially  shocked  to  an  intermediate  velocity  and  temperature 
(wlOOOK)  in  the  driven  section.  The  conditions  are  limited  to  avoid  autoignition.  When 
the  primary  shock  reaches  the  expansion  section,  it  initiates  an  unsteady  rarefaction  which 
simultaneously  accelerates  and  cools  the  test  gas. 

Here,  we  report  the  experimental  results  of  our  ongoing  expansion  tube  characterization 
efforts.  A  preliminary  description  of  the  facility,  as  well  as  initial  shock  and  flow  speed 
results,'  was  published  by  Kamel  et  al.  (1995.)  New  experiments  address  the  issues  of 
test  time  and  flow  tmiformity.  The  experimental  test  time  is  determined  by  comparison 
of  wall  pressure  traces  and  absorption  measurements  of  a  tracer  in  the  test  gas.  Pressure 
measurements  from  a  pitot  rake  installed  at  the  exit  of  the  tube  are  used  to  determine 
core  flow  uniformity.  We  compare  these  results  with  boundary  layer  theory  and  the  data 
obtained  at  other  installations. 

We  also  report  on  our  effort  to  apply  PLIF  imaging  to  supersonic  reacting  flow  over  a 
body  in  an  expansion  tube.  Schlieren  and  OH  PLIF  images  of  reacting  flow  over  a  cylinder 
are  shown  in  Fig.  2.  Note  that  OH  PLIF  provides  positive  confirmation  of  combustion  at 
the  front  of  the  cylinder,  while  the  Schlieren  image  is  useful  for  discerning  the  position  of 
the  bow  shock.  We  present  results  which  demonstrate  the  extension  of  PLIF  to  supersonic 
reacting  flow  over  wedges  and  blunt  bodies,  configurations  which  are  relevant  to  the  ram- 
accelerator  community.  The  work  provides  combustion  and  flow  field  information  critically 
needed  to  validate  the  computational  codes  that  support  ram-accelerator  development. 
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ABSTRACT 

This  paper  presents  a  study  of  the  temporal  evolution  of  the  combustion  flowfield  established  by 
the  interaction  of  ram-accelerator-type  projectiles  with  an  explosive  gas  mixture  accelerated  to  hyper¬ 
sonic  speeds  in  an  expansion  tube.  The  Navier-Stokes  equations  for  a  chemically  reacting  gas  are 
solved  in  a  fully  coupled  manner  using  an  implicit,  time  accurate  algorithm.  The  solution  procedure  is 
based  on  a  spatially  second  order,  total  variation  diminishing  (TVD)  scheme  and  a  temporally  second 
order,  variable-step,  backward  differentiation  formula  method.  The  hydrogen-oxygen  chemistry  is 
modeled  with  a  9-species,  19-step  mechanism.  The  accuracy  of  the  solution  method  is  first  demon¬ 
strated  by  several  benchmark  calculations.  Numerical  simulations  of  expansion  tube  flowfields  are 
then  presented  for  two  different  configurations.  In  particular,  the  development  of  the  shock-induced 
combustion  process  is  followed.  In  one  case,  designed  to  ensure  ignition  only  in  the  boundary  layer, 
the  lateral  extent  of  the  combustion  front  during  the  initial  transient  phase  was  surprisingly  large.  The 
time  histories  of  the  calculated  thrust  and  drag  forces  on  the  ram  accelerator  projectile  are  also  pre¬ 
sented. 

INTRODUCTION 

A  major  difficulty  associated  with  groimd  testing  of  hypersonic  propulsion  systems  in  pulse  facili¬ 
ties  is  the  short  test  time  available  (on  the  order  of  a  millisecond).  In  some  cases,  the  test  time  may  be 
less  than  the  time  required  to  fully  establish  the  reacting  flow,  especially  if  recirculation  zones  and 
shock  wave/boundary  layer  or  detonation  wave/boundary  layer  interactions  are  present.  Numerical 
simulation  of  the  temporal  evolution  of  the  combustion  process  can  supplement  experimental  work 
by  providing  detailed  information  about  reaction  initiation  and  flow  establishment  time  m  pulse  facil¬ 
ities. 

In  this  paper  we  investigate  numerically  the  combustion  process  generated  by  the  interaction 
between  an  axisymmetric  projectile  and  an  explosive  gas  mixture  that  has  been  accelerated  to  hyper¬ 
sonic  speeds  in  an  expansion  tube.  The  principal  advantage  of  the  expansion  tube  over  the  shock  tube 
or  shock  ttmnel  for  this  type  of  flow  is  ffiat  its  operating  cycle  does  not  involve  stagnation  of  the  test 
gas.  Therefore,  with  proper  care,  explosive  mixtures  can  be  accelerated  to  superdetonative  velocities 
without  autoignition,  as  demonstrated  by  Srulijes  et  al  [1]  in  their  experimental  investigation  of  ram 
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accelerator  [2,3]  flowfields.  In  fact,  ram  accelerator  type  flowfields  can  be  studied  more  easily  in  a 
fixed  projectile,  moving  gas  frame  of  reference  than  in  the  ram  accelerator  itself,  where  measure¬ 
ments  are  difficult  to  make. 

However,  important  differences  exist  between  the  ram  accelerator  and  an  expansion  tube  experi¬ 
ment  in  the  boundary  layer  growth  along  walls  and  flow  characteristics  during  startup.  Specifically,  in 
the  expansion  tube  the  test  time  begins  after  passage  of  the  shock  wave  and  contact  discontinuity  over 
the  projectile,  as  described  below.  On  the  other  hand,  startup  in  the  ram  accelerator  follows  the  burst¬ 
ing  of  the  first  diaphragm  by  the  projectile,  a  process  that  generates  shock  and  expansion  waves.  In 
addition,  the  high  fill  pressures  typical  of  ram  accelerator  operation  cannot  be  duplicated  in  an  expan¬ 
sion  tube.  The  effects  of  these  differences  can  be  examined  by  using  CFD  methods. 

An  expansion  tube  consists  of  a  single  tube  divided  into  three  or  four  sections  by  diaphragms,  as 
shown  in  Figure  1,  which  is  a  schematic  of  the  classic  expansion  tube  described  by  Trimpi  [4].  When 
the  test  gas  consists  of  an  explosive  mixture,  a  buffer  zone  containing  an  inert  gas  is  added  between 
the  test  gas  and  the  driver  gas  to  prevent  autoignition  following  rupture  of  the  primary  diaphragm  [1]. 

A  brief  explanation  of  the  operation  of  the  expansion  tube  is  necessary  in  order  to  clarify  the 
assumptions  made  in  the  numerical  simulations.  Following  the  rupture  of  the  primary  diaphragm  at 
time  t  =  0  (see  Fig.  1),  a  primary  shock  wave  propagates  into  the  test  gas  and  an  expansion  wave 
into  the  driver  gas.  The  numbering  of  the  flow  states  in  Fig.  1  corresponds  to  that  defined  by  Trimpi 
[4].  On  reaching  the  end  of  the  driven  section,  the  primary  shock  ruptures  the  secondary  diaphragm 
and  a  secondary  shock  wave  propagates  into  the  expansion  section,  while  an  expansion  wave  moves 
into  the  test  gas.  This  expansion  wave  is  washed  downstream,  since  the  gas  in  region  2  is  moving  at 
supersonic  speeds.  Test  time  begins  with  the  passage  of  the  test  gas/accelerating  gas  contact  disconti¬ 
nuity  over  the  model  and  ends  with  the  arrival  of  the  expansion  wave.  The  state  of  the  gas  in  region  5 
determines  the  test  conditions.  Test  times  in  expansion  tubes  are  typically  tens  to  hundreds  of  micro¬ 
seconds  long  [5].  An  advantage  of  CFD  analysis  is  that  the  test  time  can  be  extended  arbitrarily,  in 
order  to  estimate  the  flow  establishment  time. 

Previous  computational  studies  by  Jacobs  [5]  and  Wilson  [6]  simulated  the  flow  of  nonexplosive 
mixtures  inside  the  expansion  tube  for  the  time  interval  0  ^  r  ^  ^2  !)•  contrast,  the  goal  of 

the  present  work  was  to  examine  the  establishment  of  the  flow  of  an  explosive  mixture  over  the  test 
model.  Therefore,  our  simulations  were  performed  for  times  t  ^  ^2  * 

NUMERICAL  FORMULATION 


Governing  Equations 

The  conservation  form  of  the  nonequilibrium  Navier-Stokes  equations  describing  two-dimensional 
or  axisymmetric  chemically  reacting  flow  involving  n  species  can  be  written  in  general  curvilinear 
coordinates  (^,  ti  )  as  follows: 
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where  the  parameter  j  is  zero  for  two-dimensional  flow  and  one  for  axisymmetric  flow  and  Q  is  the 
vector  of  dependent  variables: 
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The  dependent  variables  are  the  mass  density  of  the  ith  species  pj- ,  the  velocity  components  u  and  v , 

and  the  total  energy  per  unit  volume  e .  J  is  the  grid  Jacobian  and  F  and  G  are  the  inviscid  flux  vec¬ 
tors  in  the  ^  and  Tj  directions,  respectively.  F^  and  G^  are  analogous  viscous  fluxes.  S  and  are 

axisymmetric  source  terms  and  W  is  the  chemical  source  term.  A  detailed  description  of  the  terms  in 
Eq.  (1)  and  additional  state  and  constitutive  equations  needed  for  system  closure  are  given  by  Yung- 
ster  [7]. 

Numerical  Method 

The  numerical  method  used  for  solving  Eq.  1  is  described  in  detail  in  Ref.  [8]  and  summarized 
briefly  here.  For  simplicity,  only  the  two-dimensional  Euler  equations  are  considered  in  this  descrip¬ 
tion;  however,  extension  to  the  viscous  case  is  straightforward  [8].  The  equation  set  is  discretized 
using  a  temporally  second-order,  variable-step  backward  differentiation  formula  (BDF)  method, 
which  can  be  written  as: 


^Q'j,k  ~  y^Qj,k^  [.Pj+l/2,k~Pj-l/2,k+^j,k+l/2-^j,k-l/2-^j,kl 


n+1 


k  ~  Qj,  k  ~  Qj,  k 


(3) 


(4) 


where  y  ahd  P  are  variable-step  BDF  method  coefficients  [8],  and  At”  is  the  time  step.  The  terms  F 

and  G  are  the  numerical  fluxes  in  the  %  and  T|  directions.  They  are  computed  using  Yee’s  second 
order  total  variation  diminishing  (TVD)  scheme  [9].  Equation  3  is  then  linearized  in  a  conservative 
maimer  and  solved  iteratively,  using  a  lower-upper  relaxation  procedure  consisting  of  successive 
Gauss-Seidel  (LU-SGS)  sweeps.  At  each  time  step  the  iterative  process  of  producing  successively 
improved  approximate  solutions  to  equation  (3)  is  continued  until  a  suitable  convergence  criterion  is 
satisfied.  The  inversion  of  large  matrices  is  avoided  by  partitioning  the  system  into  reacting  and  non¬ 
reacting  parts;  however,  a  fully  coupled  interaction  is  still  maintained.  Consequently,  the  matrices  that 
have  to  be  inverted  are  of  the  same  size  as  those  that  arise  in  the  commonly  used  point  implicit  meth¬ 
ods.  An  important  advantage  of  the  present  method  is  that  it  remains  stable  for  large  values  of  the 
CFL  number,  so  that  large  time  steps  can  be  used. 
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RESULTS 


Benchmark  test  cases 


Before  applying  the  present  method  to  the  study  of  expansion  tube  reacting  flows,  its  accuracy  was 
first  established  by  computing  various  benchmark  test  cases.  Two  such  cases  are  presented  below  for 
reacting  and  nonreacting,  inviscid  flows. 

The  first  case  was  a  simulation  of  Lehr’s  ballistic  range  experiments  [10],  which  consisted  of 
spherical  nosed  projectiles  of  diameter  15-mm  being  fired  into  a  premixed,  stoichiometric  hydrogen- 
air  mixture.  Figure  2a  shows  a  shadowgraph  image  obtained  by  Lehr  [10]  for  a  Mach  number 
M  =  4.79 .  The  corresponding  computational  result,  obtained  with  a  9-species,  19-step  reaction 
mechanism  for  hydrogen-oxygen  [8],  is  shown  in  Fig.  2b  in  the  form  of  density  contours.  Under  the 
conditions  of  the  test,  the  reacting  flow  was  unstable,  resulting  in  a  highly  regular,  periodic  flow  strac- 
ture.  An  experimental  oscillation  frequency  of  720  kHz  was  reported  [10].  The  computed  frequency 
of  oscillation  varied  from  701  to  716  kHz.  Computations  of  other  flow  conditions  also  produced 
excellent  agreement  with  experimental  data  [8]. 

The  second  test  case  was  the  regular  reflection  of  an  incident  shock  wave  fi’om  a  55°  wedge. 
Experiments  were  conducted  in  a  60  mm  x  150  mm  shock  tube  at  the  Institute  of  Fluid  Science  of 
Tohoku  University  and  results  reported  by  Falcovitz  et  al  [1 1],  who  also  performed  numerical  simula¬ 
tions  for  several  cases.  Figure  3  gives  their  experimental  holographic  interferograms  and  our  com¬ 
puted  density  contours  at  three  different  times  during  the  reflection  process  for  an  incident  shock 
Mach  number  of  1.488.  The  spacing  of  the  contours  was  selected  to  match  that  observed  in  the  exper¬ 
imental  interferograms.  The  computational  results  were  generated  with  a  400  x  316  uniform  grid.  Fig¬ 
ures  3a  and  3b  show  the  reflected  shock  wave  prior  to  its  collision  with  the  shock  tube  end-wall. 
Figtires  3b  to  3g  show  the  wave  configuration  at  two  different  times  after  collision  with  the  end-wall. 
It  should  be  pointed  out  that  due  to  a  small  air  gap  between  the  end  wall  of  the  shock  tube  and  its 
upper  wall  an  expansion  wave  was  generated  at  the  upper  edge  of  the  end-wall  [11].  This  expansion 
wave  can  be  observed  in  Fig.  3c  near  the  upper  right  comer  of  the  holographic  interferogram  and  in 
Fig.  3e  near  one  of  the  reflected  shocks.  The  air  gap  was  not  modeled  in  our  computations. 

The  agreement  between  the  computational  and  experimental  results  is  excellent  at  all  times.  The 
computations  match  almost  every  fringe  in  the  experiments,  except  immediately  after  the  head-on 
collision  near  the  right  comer  (Fig.  3d),  where  the  grid  is  not  fine  enough  to  resolve  the  details  of  the 
reflection.  The  overall  resolution  of  the  flowfield  compared  well  with  the  numerical  results  computed 
by  Falcovitz  et  al  [11].  However,  near  the  walls  the  present  method  produced  superior  results.  Note 
especially  that  the  small,  closed  fringe  near  the  bottom  comer  was  reproduced  in  our  calculation 
(Figs.  3d  and  3g),  whereas  it  was  not  captured  by  Falcovitz  et  al. 

Expansion  tube  reacting  flows 

Two  cases  are  presented,  the  first  involving  only  boundary  layer  ignition,  and  the  second  a  ram 
accelerator  type  configuration.  Both  cases  employed  pure  hydrogen  as  the  accelerating  gas  and  the 
mixture  +  2.75  Oj  +  2.5Ar  as  the  test  gas.  The  -  O2  reaction  mechanism  consisted  of  19  reac- 
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tions  among  9  species  [8]. 


Case  1 


This  case  considered  an  axisymmetric  projectile  composed  of  two  30“  half  angle  cones  and  a 
short  straight  section.  The  comers  of  the  projectile  were  rounded.  The  projectile  overall  length  and 
maximum  diameter  were  1.45  cm  and  0.693  cm,  respectively.  The  flow  conditions  for  this  test  are 
shown  in  the  schematic  below: 
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H^  +  2n50^  +  2.5Ar 

c,  =  2.0 

PjQ  =  1  atm  =  300  K 

P2Q  ~  Ps  ~  ^20  ~  ^  ^5  ~ 

M20  =  0.9623  M5  =  4.748 

Here  c  denotes  the  shock  speed  and  p,  T  and  M  are  the  pressure,  temperature  and  Mach  number, 
respectively.  The  conditions  for  this  case  were  selected  to  produce  ignition  in  the  boundary  layer.  The 
flow  was  assumed  to  be  laminar  and  the  projectile  surface  adiabatic.  A  320x1 10  nonuniform  grid  was 
utilized.  The  time  evolution  of  the  flowfield  is  shown  in  Fig.  4  by  means  of  nondimensional  tempera¬ 
ture  (T/T^q)  contours.  In  Fig.  4a  the  secondary  shock  has  just  reached  the  tip  of  the  projectile.  The 

shock  is  partly  reflected  from  the  projectile  surface  and  continues  to  travel  downstream.  The  reflec¬ 
tion  is  too  weak  for  the  temperature  range  used  and  is  therefore  not  apparent  in  Fig.  4.  As  the  high 
Mach  number  test  gas  reaches  the  projectile  (Fig.  4b),  a  conical  shock  begins  to  form  over  its  nose.  A 
short  time  later  (Fig.  4c),  combustion  begins  in  the  botmdary  layer.  Subsequently,  the  reacting  bound¬ 
ary  layer  penetrates  region  20  of  the  accelerating  gas.  Once  the  reacting  gas  reaches  the  projectile 
shoulder,  its  lateral  expansion  is  considerable.  The  penetration  of  the  reacting  boundary  layer  can  be 
explained  by  the  fact  that  as  the  conical  shock  begins  to  form  over  the  nose  of  the  projectile,  a  large 
pressure  is  established  over  this  region.  The  shock  has  not  yet  formed  downstream,  thereby  creating  a 
substantial  pressure  gradient,  which  forces  the  boundary  layer  gases  downstream.  After  the  transient 
phase,  combustion  is  observed  only  along  the  boundary  layer  (Fig.  4i),  which  separates  over  the  rear 
of  the  projectile.  The  computation  was  stopped  at  r  =  13.52|i.sec ,  although  the  flow  had  not  yet 
reached  steady  state.  This  simulation  required  6200  iterations  andl2.4  hrs.  of  CPU  time  on  a  Cray 
C90  computer,  with  a  maximum  CFL  number  of  between  3  and  10. 

Case  2 


K 


This  case  considered  a  ram  accelerator  configuration  that  included  an  axisymmetric  projectile  and 
a  ram  accelerator  tube.  As  shown  in  Fig.  5a,  the  front  end  of  the  tube  was  positioned  slightly  behind 
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the  projectile  shoxilder,  in  order  to  limit  the  boundary  layer  growth  and  thus  simulate  conditions  in  the 
actual  ram  accelerator.  The  projectile  comprised  a  15°  half  angle  nose  cone,  a  30°  axisynunetric 
ramp,  a  constant  diameter  section  and  a  specially  configured  tail.  The  total  length  of  the  projectile,  its 
maximum  diameter  and  the  ram  accelerator  tube  diameter  were  10.85  cm,  2.82  cm  and  3.8  cm, 
respectively.  These  dimensions  are  based  on  the  experimental  device  currently  operating  at  the  Uni¬ 
versity  of  Washington  [2,3].  The  flow  conditions  for  this  test  case  were: 

c  =  2.35 

^2 


PlO  =  1  ^10  = 

=300  K 

T^o  =  597.93  K 

P20  ~  P5  ~ 

M20  =  1.136 

=  6.058 

The  flow  was  assumed  to  be  turbulent,  and  a  constant  wall  temperature  of  300  K  was  specified  at 
the  projectile  surface  and  at  the  tube  wall.  The  Baldwin-Lomax  turbulence  model  [12]  was  used  in 
this  calculation.  A  315x125  nonuniform  grid  was  utilized.  The  time  evolution  of  the  flowfield  is 
shown  in  Fig.  5  in  the  form  of  nondimensional  temperature  (T/T^q)  contours  (bottom  half  of  each 

figure)  and  pressure  (p/p^Q)  contours  (top  half).  Note  that  for  clarity  in  presentation  the  pressure 

and  temperature  contour  ranges  are  not  the  same  for  aU  the  plots.  Each  color  bar  defines  the  contour 
range  both  for  the  figure  in  which  it  appears  and  for  every  subsequent  plot  until  a  new  color  bar 
appears. 

The  initial  flow  development  for  this  case  is  similar  to  that  described  for  the  previous  one.  That  is, 
the  flow  begins  with  the  arrival  of  the  secondary  shock  (Fig.  5a),  its  reflection  off  the  projectile  (Fig. 
5b)  and  the  formation  of  the  conical  shock  over  its  nose  (Fig.  5c).  At  subsequent  times,  the  secondary 
shock  is  reflected  off  the  projectile’s  ramp  (Fig.  5d)  and  a  series  of  wave  reflections  from  the  tube  wall 
and  projectile  surface  can  be  observed  in  Figs.  5e  and  5f.  The  conical  shock  reflected  off  the  tube  wall 
begins  to  establish  in  Fig.  5g  and  shortly  after  it  hits  the  projectile  surface  ignition  occurs  in  the 
boundary  layer  (Fig.  5h).  Combustion  spreads  both  downstream  and  towards  the  tube  wall  and,  at  the 
same  time,  propagates  upstream  through  the  boundary  layer  (Fig.  5i-k).  A  shock-induced  combustion 
wave  is  establish^,  creating  a  large  pressure  over  the  back  of  the  projectile,  and  positive  thrust 
begins  to  be  generated  at  t  =  68  [isec  approximately.  The  combustion  continues  to  propagate 
upstream  along  the  projectile  boundary  layer  and  also  along  the  tube  wall  boundary  layer  (Fig.  5/-n), 
until  unstart  occurs  (Fig.  5o).  For  this  calculation  the  maximum  CFL  number  varied  between  5  and 
15.  The  computational  work  requirement  was  7000  iterations  and  11.3  hrs.  on  a  Cray  C90  computer. 

The  total  thrust  and  viscous  drag  forces  on  the  projectile  are  plotted  in  Fig.  6.  During  flow  initia¬ 
tion,  the  projectile  is  subjected  to  an  increasing  drag  force,  as  the  conical  wave  system  is  established 
over  the  projectile.  When  combustion  begins,  a  progressive  reduction  in  total  drag  is  observed,  but 
positive  thrust  is  produced  only  after  the  shock-induced  combustion  wave  is  reflected  off  the  projec¬ 
tile  surface,  resulting  in  the  steep  increase  in  total  thrust  shown  in  Fig.  6.  The  viscous  drag  builds  up 
in  a  similflr  manner  and  decreases  significantly  once  the  combustion  process  starts.  Note  that  the  vis¬ 
cous  drag  accoimts  for  less  than  1%  of  the  total  thrust. 
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CONCLUSION 


The  expansion  tube  is  a  useful  tool  for  investigating  ram-accelerator-type  phenomena.  However, 
important  issues  such  as  boundary  layer  growth  along  walls,  startup  characteristics  and  operating 
pressures  will  prevent  the  expansion  tube  from  duplicating  exactly  the  conditions  in  a  ram  accelera¬ 
tor.  In  addition,  the  short  test  time  available  may  be  insufficient  to  establish  fully  the  reacting  flow- 
field.  Computational  studies  can  support  experimental  efforts  by  providing  answers  to  these  issues.  A 
methodology  for  simulating  the  combustion  process  in  expansion  tube  flowfields  was  described,  and 
computations  for  two  cases  were  presented  to  illustrate  the  capability  of  the  numerical  approach.  The 
unexpected  combustion  phenomenon  observed  during  the  initial  transient  phase  emphasizes  the  need 
for  further  study  of  this  type  of  flow.  The  efficiency  of  our  time-accurate,  fully  implicit  numerical 
method  was  demonstrated  by  computing  high-speed,  reacting,  turbulent  flows  at  CFL  numbers  as 
high  as  15. 
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Driver  Driven  section  Expansion  section 
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Figure  1.  Schematic  of  the  expansion  tube  cycle.  The  numbers  identify  the  various  flow  regions  as 
defined  by  Trimpi  [4]. 
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Figure  2.  Experimental  and  computational  results  for  a  projectile  moving  at  M  =  4,79  in  a  sto¬ 
ichiometric  hydrogen-air  mixture:  (a)  experimental  shadowgraph  image  (Lehr  [10]);  (b)  density  con¬ 
tours. 


(a) 


(b) 


Figure  3.  Temporal  evolution  of  the  regular  reflection  of  a  M  =  1.488  shock  wave  with  a 
0  =  55°  wedge,  (a)  Holographic  interferogram  prior  to  its  interaction  with  the  end  waU  [11];  (b) 
computed  density  contours. 
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(m)  i=/i.2/  (n)  t  =  76.53  (o)i  =  82J 


Figure  5.  Nondimensional  pressure  (o/pm .  lop  half)  and  temperature  {T/T^q  .  bottom  half)  show- 
ng  temporal  evolution  of  expansion  tube  flow  over  a  ram  acceieraior  configuration.  Test  gas; 

-r  2.750,  +  2.5.4r .  Note;  color  bar  defines  contour  range  both  for  the  plot  in  which  it  appears  and 
"or  every  siibseQuent  plot  until  a  new  color  bar  appears. 


Time  (miCTOseconds) 


lime  (microseconds) 


Figure  6.  Nondimensional  net  thrust  (a)  and  viscous  drag  (b)  forces  on  ram  accelerator  projectile. 
(Here,  Ap  is  the  maximum  cross-sectional  area  of  the  projectile). 


14 


Numerical  Study  of  some  Ignition  Regimes  of 
Combustible  Supersonic  Flows  over  a  Wedge 


Luis  Fernando  Figueira  da  Silva  &  Bruno  Deshaies 
Laboratoire  de  Combustion  et  de  Detonique  (UPR  9028  CNRS) 
ENSMA  et  Univesite  de  Poitiers 
86960  Futuroscope  Cedex  FRANCE 
tel.  (33)  49  49  82  77;  fax  (33)  49  49  81  76 
e-mail:  da-silva@univ-poitiers.fr 


Abstract 

In  this  work  we  study  two  basic  ignition  mechanisms  which  are  of  practical  importance 
to  ramaccelerator  applications.  In  such  cases  two  different  flow  phenomena  are  source  of 
compressibility  and  of  temperature  increase,  and  thus  may  trigger  ignition:  (i)  boundary 
layers  and  (ii)  shock  waves.  Although  a  strong  coupling  may  occur  between  these  two 
phenomena  and  chemistry,  limitations  due  to  computation  power  preclude  the  systematic 
study  of  this  triple  interaction.  Therefore  we  present  here  studies  concerning  the  coupling 
between  (i)  and  (ii)  and  chemistry  separately. 

The  first  mechanism  investigated  is  ignition  within  the  boundary  layer  that  develops  over 
the  projectile.  Indeed,  viscous  dissipation  heating  may  sufficiently  increase  the  temperature 
of  the  gas  so  that  a  thermal  runaway  of  the  mixture  is  possible.  In  the  First  International 
Workshop  on  Ram  Accelerators  we  have  presented  a  detailed  parametric  study  of  this  ignition 
regime  for  supersonic  hydrogen-air  flows  over  a  flat  plate  as  a  function  of  the  temperature, 
pressure  and  equivalence  ratio.  This  study  is  now  extended  to  the  flow  conditions  of  practical 
interest  to  Ramac  applications,  i.e.  using  hydrogen  and  methane  -  air/oxygen  mixtures. 

In  addition  to  this  first  mechanism,  ignition  may  occur  behind  oblique  shock  waves 
during  the  transdetonative/superdetonative  flight  of  the  projectile,  giving  birth  to  oblique 
detonations.  We  present  a  study  of  the  transition  from  an  oblique  shock  wave  to  an  oblique 
detonation  wave  in  a  supersonic  flow  over  a  wedge,  with  emphasis  on  the  transient  regime. 
More  specifically  we  attempt  to  precise  the  critical  conditions  that  lead  to  the  formation  of 
a  detonation.  These  two-dimensional  calculations  are  performed  using  a  detailed  chemical 
kinetic  scheme  for  hydrogen-air  combustion. 

Acknowledgement:  This  work  has  been  accomplished  under  the  contract  no.  93-053 
“Combustion  Supersonique  PREPHA”  of  the  Direction  des  Recherches  et  Etudes  Techniques 
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Two  basic  ignition  mechanisms: 

•  ignition  is  triggered  within  the  boundary  layer  only  (viscous  dissi¬ 
pation  heating  effects); 

•  ignition  occurs  behind  the  oblique  shock  wave,  leading  to  the 
formation  of  an  oblique  detonation  wave; 


Mathematical  Formulation  of  the  Problem 
under  Boundary  Layer  Assumptions 


Equations: 
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Boundary  Conditions 

•  Initial  (upstream)  condition  at  a;  =  xq:  compressible 
self  similar  boundary  layer  solution  for  a  chemically 
frozen  flow. 

•  Freestream  conditions  y  oo:  T  —  Too,  p  =  Poo,  u  — 
Rqoi  '^k  T^oc 

•  Plate  conditions  y  =  0:  u  =  v  =  non-catalytic 
dYk/dy  =  0 

Both  adiabatic  dT/dy  —  0  and  non  adiabatic  T  =  Tyj 
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Adaptative  mesh  in  the  transverse  direction,  using 
the  gradient  and  the  curvature  of  the  unknowns 
(Giovangigli  and  Smooke) 


Chemical  Kinetics: 


For  hydrogen-Air  mixtures,  the  chemical  scheme  we  use  involves  nine  species: 
H2,  O2,  H2O,  OH,  H,  O,  HO2.  H2O2  and  N2. 


For  the  CH4/O2/CO2  mixture  we  have  performed  a  systematic  reduction  of  a 
detailed  chemical  kinetics  mechanism  by  Tang  et  al.,  resulting  in  a  scheme  with  26 
species: 

CH4  O2  H2O  CO  CO2  H  H2  O  OH  HO2  H2O2  HCO  CHs  C2H6  CH2O  C2H5  CH2 
CH3O  CH  C2H2  C2H4  C2H3  C2H  CH2CO  HCCO  CH3CO 


Structure  of  Combustion: 
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Ignition  is  triggered  by  viscous  dissipation  heating 
within  the  boundary  layer _ 
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Complex  variation  of  the  induction  length  with 
the  flow  parameters 


Induction  time  -  Thermal  explosion: 

%.  X  equivalence  ratio  t.  x  pressure  ((|)=1) 
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explosion  limit::  T.  increases  with  p 
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The  induction  length  is  a  junction  of  both  p  and  d(p) 


(b  and 


Induction  time  of  the  OD  thermal  explosion: 
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Induction  length  as  a  junction  of  the  pressure 
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Onset  of  combustion  behind  an  oblique  shock  wave 
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The  Navier  Stokes  equations  for  a  multicomponent  chemically  reacting  mixture 
can  be  written  as  follows: 
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Boundary  conditions: 

•  slip  or  no-slip  (u=0)  adiabatic  {dTldy=0),  non  catalytic  boundary  conditidions 
at  the  wegde  surface  (j/=0); 

•  non-reflecting  characteristic  boundary  conditions  at  the  exit  {x=Xmax)- 


Numerical  method  for  the  solution  of  the  unsteady 
2D  Navier-Stokes  Equations 
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Development  of  combustion  over  a  supersonic  wedge 


REACTION 

A 

E 

H-I-O2  ^  OH-HO 

5.13E16 

-.816 

16507. 

0-I-H2  ^  OH-fH 

1.80E10 

1.00 

8826. 

OH-I-H2  #  H2O-I-H 

1.17E09 

1.30 

3626. 

OH-HOH  #  0-f  H2O 

6.00E08 

1.30 

0. 

H2-I-M  # 

2.23E12 

0.50 

92600. 

H-hOH-fM  ^  H20-f-M‘= 

7.50E23 

-2.60 

0. 

02"f~M  ^  O+O+M 

1.85E11 

0.50 

95560. 

H-I-O2+M  ^  HO2  +M“ 

2.10E18 

-1.00 

0. 

H-fHOs^  OH-I-OH 

2.50E14 

0.00 

1900. 

H-I-HO2  ^  H2-I-O2 

2.50E13 

0.00 

700. 

H2+O2  #  OH-hOH 

1.70E13 

0.00 

47780. 

0-|’H02  ^  02*I-0H 

4.80E13 

0.00 

1000. 

0H-i-H02  ^  H20H-02 

5.00E13 

0.00 

1000. 

H02-|-H02  ^  H202-|-02 

2.00E12 

0.00 

0. 

H2O2-I-M  #  OH-I-OH-I-M 

1.30E17 

0.00 

45500. 

H2O2-I-H  HO2+H2 

1.60E12 

0.00 

3800. 

H-|-02-t-02  ^  H02-t-02 

6.70E19 

-1.42 

0. 

H-f*02-|-N2  ^  HO2-I-N2 

6.70E19 

-1.42 

0. 

H202+OH  ^  H20-HH02 

1.00E13 

0.00 

1800. 

Third-body  efficiencies: 


a— /^20=21,  /ff2=3.3,  — /02— ^fii20 — fu — 2,  /hj — 3;  c  /ht^o— 20. 


REACTION 

A 

P 

E 

H  +  H  +  M  =  H2  +  M 

7.310E+17 

-1.0 

0.0 

0  +  0  +  M  =  02  +  M 

1.140E+17 

-l.D 

0.0 

0  +  H  +  M  =  0H  +  M 

6.200E+16 

-0.6 

0.0 

H2  +  O2  =  OH  +  OH 

1.700E+13 

0.0 

47780.0 

0  +  H2  =  OH  +  H 

3.870E+04 

2.7 

6260.0 

H  +  02  =  OH  +  0 

1.900E+14 

0.0 

16812.0 

H  +  O2  +  M  =  HO2  +  M 

8.000E+17 

-0.8 

0.0 

H  +  OH  +  M  =  H2O  +  M 

8.615E+21 

-2.0 

0.0 

H2  +  OH  =  H2O  +  H 

2.161E+08 

1.51 

3430.0 

H2O  +  0  =  OH  +  OH 

1.500E+10 

1.14 

17260.0 

HO2  +  OH  =  H2O  +  O2 

2.890E+13 

0.0 

-497.0 

HO2  +  0  =  OH  +  O2 

1.810E+13 

0.0 

-400.0 

H  +  HO2  “  H2  +  O2 

6.620E+13 

0.0 

2130.0 

H  +  HO2  =  OH  +  OH 

4.951E+13 

0.0 

143.0 

H  ^  HO2  —  H2O  “h  0 

3.010E+13 

0.0 

1721.0 

HO2  +  HO2  =  H2O2  +  02 

4.075E+02 

3.321 

1979.0 

H2O2  +  M  =  OH  +  OH  +  M 

3.100E+16 

-0.5 

36402.0 

H2O2  +  OH  =  HO2  +  H2O 

5.800E+14 

0.0 

9557.0 

H2O2  +  H  =  HO2  +  H2 

1.700E+12 

0.0 

3750.0 

H2O2  +  H  =  H2O  +  OH 

l.OOOE+13 

0.0 

3590.0 

H2O2  +  0  =  HO2  +  OH 

2.800E+13 

0.0 

6400.0 

CO  +  HO2  =  CO2  +  OH 

1.500E+14 

0.0 

23650.0 

CO  +  OH  =  CO2  +  H 

5.230E+06 

1.4 

-980.0 

CO  +  0  +  M  =  CO2  +  M 

2.830E+13 

0.0 

-4540.0 

CO  +  O2  =  CO2  +  0 

2.530E+12 

0.0 

47700.0 

HCO  +  M  =  H  +  CO  +  M 

1.850E+17 

-1.0 

17000.0 

HCO  +  OH  =  CO  +  H2O 

l.OOOE+14 

0.0 

0.0 

HCO  +  0  =  CO  +  OH 

3.000E+13 

0.0 

0.0 

HCO  +  0  =  CO2  +  H 

3.000E+13 

0.0 

0.0 

HCO  +  H  =  CO  +  H2 

7.224E+13 

0.0 

0.0 

HCO  +  O2  =  CO  +  HO2 

4.723E+12 

0.0 

250.0 

HCO  +  CH3  =  CO  +  CH4 

1.200E+14 

0.0 

0.0 

HCO  +  HO2  =  CO2  +  OH  +  H 

3.000E+13 

0.0 

0.0 

HCO  +  C2H6  =  CH2O  +  C2H5 

4.700E+04 

2.72 

18235.0 

HCO  +  HCO  =  CH2O  +  CO 

1.800E+13 

0.0 

0.0 

HCO  +  HCO  =  H2  +  2C0 

3.000E+12 

0.0 

0.0 

CH4  =  CH3  +  H 

2.132E+31 

-5.30 

104906.0 

CH4  +  HO2  =  CH3  +  H2O2 

1.122E+13 

0.0 

24641.0 

CH4  +  OH  =  CH3  +  H2O 

1.548E+07 

1.83 

2774.0 

CH4  +  0  =  CH3  +  OH 

3.150E+12 

0.50 

10290.0 

CH4  +  H  =  CH3  +  H2 

8.583E+03 

3.05 

7941.6 

CH4  +  CH2  =  CH3  +  CH3 

4.300E+12 

0.0 

10038.0 

CH4  +  02  =  CH3  +  HO2 

4.040E+13 

0.0 

56913.0 

REACTION 

+ 

/? 

E 

CH3  +  M  =  CH2  +  H  +  M 

1.900E+16 

0.0 

lasi 

CH3  +  M  =  CH  +  H2  +  M 

6.900E+14 

0.0 

82460.0 

CH3  +  HO2  =  CH3O  +  OH 

8.000E+12 

0.0 

0.0 

CH3  +  OH  =  CH3O  +  H 

5.740E+12 

-0.23 

13931.0 

CH3  +  OH  =  CH2O  +  H2 

3.190E+12 

-0.53 

10810.0 

CH3  +  0  =  CH2O  +  H 

8.430E+13 

0.0 

0.0 

CH3  +  H  =  CH2  +  H2 

7.000E+13 

0.0 

15100.0 

CH3  +  O2  =  CH3O  +  0 

1.280E+13 

0.0 

28000.0 

CH3  +  02  =  CH2O  +  OH 

4.361E+14 

0.0 

30749.0 

CH3  +  CH3  =  C2H5  +  H 

3.011E+13 

0.0 

13513.0 

CH3  +  CH3  =  C2H6 

2.393E+38  - 

7.581 

11359.0 

CH3  +  CH3O  =  CH4  +  CH2O 

2.409E+13 

0.0 

0.0 

CH2  +  OH  =  CH  +  H2O 

1.130E+07 

2.0 

3000.0 

CH2  +  OH  =  CH2O  +  H 

2.500E+13 

0.0 

0.0 

CH2  +  0  =  CO  +  H  +  H 

5.000E+13 

0.0 

0.0 

CH2  +  0  =  CO  +  H2 

6.000E+13 

0.0 

0.0 

CH2  “h  H  =  CH  +  H2 

l.OOOE+18 

-1.56 

0.0 

CH2  +  02  =  HCO  +  OH 

4.300E+10 

0.0 

-500.0 

CH2  +  O2  =  CO2  H“  H2 

3.450E+11 

0.0 

1000.0 

CH2  +  O2  =  CO2  +  H  +  H 

1.600E+12 

0.0 

1000.0 

CH2  +  O2  =  CO  +  H2O 

1.870E+10 

0.0 

-1000.0 

CH2  +  O2  =  CO  +  OH  +  H 

8.640E+10 

0.0 

-500.0 

CH2  +  02  =  CH2O  +  0 

5.000E+13 

0.0 

9000.0 

CH2  +  CO2  =  CH2O  +  CO 

l.lOOE+11 

0.0 

1000.0 

CH2  +  CH2  =  C2H2  +  H2 

3.200E+13 

0.0 

0.0 

CH2  +  CH2  =  C2H2  +  H  +  H 

4.00E+13 

0.0 

0.0 

CH2  +  CHg  =  C2H4  +  H 

4.000E+13 

0.0 

0.0 

CH2  +  CH  =  C2H2  +  H 

4.000E+13 

0.0 

0.0 

CH2  +  C2H6  =  CHg  +  C2H5 

6.500E+12 

0.0 

7911.0 

CH  +  OH  =  HCO  +  H 

3.000E+13 

0.0 

0.0 

CH  +  0  =  CO  +  H 

l.OOOE+14 

0.0 

0.0 

CH  +  02  =  HCO  +  0 

3.300E+13 

0.0 

0.0 

CH  +  02  =  CO  +  OH 

2.000E+13 

0.0 

0.0 

CH  +  CO2  =  HCO  +  CO 

3.400E+12 

0.0 

690.0 

CH  +  CH4  =  C2H4  +  H 

6.000E+13 

0.0 

0.0 

CH  +  CHg  =  C2H3  +  H 

3.000E+13 

0.0 

0.0 

CHgO  +  M  =  CH2O  +  H  +  M 

4.880E+15 

0.0 

22773.0 

CHgO  +  HO2  =  CH2O  +  H2O2 

3.000E+11 

0.0 

0.0 

CHgO  +  OH  =  CH2O  +  H20 

l.OOOE+13 

0.0 

0.0 

CHgO  +  0  =  CH2O  +  OH 

1.300E+13 

0.0 

0.0 

CHgO  +  H  =  CH2O  +  H2 

2.000E+13 

0.0 

0.0 

CHgO  +  O2  —  CH2O  +  H02 

2.349E+10 

0.0 

1788.0 

CHgO  +  C2H5  =  CH2O  +  C2H6 

2.410E+13 

0.0 

0.0 

CHgO  +  C2H3  =  CH2O  +  C2H4 

2.410E+13 

0.0 

0.0 

CHgO  +  C2H4  =  CHgO  +  C2H5 

1.200E+11 

0.0 

7000.0 

REACTION _ 

CH2O  +  M  =  HCO  +  H  +  M 
CH2O  +  HO2  =  HCO  +  H2O2 
CH2O  +  OH  =  HCO  +  H2O 
CH2O  +  O  =  HCO  +  OH 
CH2O  +  H  =  HCO  +  H2 
CH2O  +  02  =  HCO  +  HO2 
CH2O  +  CH3  =  HCO  +  CH4 
C2H6  =  C2H5  +  H 
C2H6  +  HO2  =  C2H5  +  H2O2 
C2H6  +  OH  =  C2H5  +  H2O 
C2H6  +  O  =  C2H5  +  OH 
C2H6  +  H  =  C2H5  +  H2 
C2H6  +  02  =  C2H5  +  HO2 
C2H6  +  CHs  =  C2H5  +  CH4 
C2H5  +  HO2  =  C2H4  +  H2O2 
C2H5  +  OH  =  C2H4  +  H2O 
C2H5  +  OH  -  CHs  +  CH2O  +  H 
C2H5  +  O  =  CH2O  +  CHs 
C2H5  +  O  =  C2H4  +  OH 
C2H5  +  H  =  C2H4  +  H2 
C2H5  +  02  =  C2H4  +  HO2 
C2H5  +  CHs  =  C2H4  +  CH4 
C2H5  +  C2H5  =  C2H4  +  C2HS 
C2H4  +  M  =  C2H2  +  H2  +  M 
C2H4  +  M  =  C2H3  +  H  +  M 
C2H4  +  OH  =  C2HS  +  H2O 
C2H4  +  O  =  CHs  +  HCO 
C2H4  +  O  -  CH2  +  HCO  +  H 
C2H4  +  H  =  C2HS  +  H2 
C2H4  +  H  =  C2H5 
C2H4  +  O2  =  C2H3  +  HO2 
C2H4  +  C2H4  =  C2H5  +  C2H3 
C2H4  +  CHs  =  C2H3  +  CH4 
C2H3  =  C2H2  +  H 
C2H3  +  HO2  -  CHs  +  CO  +  OH 
C2H3  +  OH  =  C2H2  +  H2O 
CsHs  +  H  =  C2H2  +  H2 
C2H3  +  O  =  CHs  +  CO 
C2H3  +  02  =  CH2O  +  HCO 
C2H3  +  CH  =  CH2  +  C2H2 
C2H3  +  CHs  =  C2H2  +  CH4 
C2H3  +  CsHe  =  C2H4  +  C2H5 
C2H3  +  C2H  =  C2H2  +  C2H2 
C2H3  +  HCO  =  C2H4  +  CO 
C2H3  +  CH2O  =  C2H4  +  HCO 

C2H3  +  C2H3  =  C2H2  +  C2H4 


5.540E+15 

4.000E+12 

1.716E+09 

1.807E+13 

2.190E+08 

2.040E+13 

8.376E-02 

2.080E+38 

1.210E+12 

5.125E+06 

1.930E-02 

5.250E+14 

l.OOOE+13 

7.536E+00 

3.000E+11 

2.409E+13 

2.409E+13 

4.238E+13 

3.046E+13 

1.250E+14 

2.560E+19 

1.144E+12 

1.400E+12 

3.000E+17 

2.970E+17 

1.807E+13 

1.117E+08 

2.073E+08 

l.OOOE+14 

1.051E+14 

4.000E+13 

5.000E+14 

4.280E+11 

1.574E+43 

3.000E+13 

3.000E+13 

3.000E+13 

3.000E+13 

4.000E+12 

5.00E+13 

3.910E+11 

1.500E+13 

3.000E+13 

9.034E+13 

5.420E+03 

1.084E+13 


_ i_ 

0.0 

0.0 

1.18 

0.0 

1.77 

0.0 

4.33 

-7.08 

0.0 

2.06 

4.85 

0.0 

0.0 

3.727 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

-2.77 

0.0 

0.0 

0.0 

0.0 

0.0 

1.44 

1.44 

0.0 

-0.5 

0.0 

0.0 

0.0 

-9.589 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

2.81 

0.0 


75000.0 

11665.0 

-447.0 

3088.0 

3000.0 

39000.0 

4365.0 

106507.0 

17600.0 

860.0 

2029.0 

12800.0 

51000.0 

9883.0 

0.0 

0.0 

0.0 

0.0 

0.0 

8000.0 

1977.0 

0.0 

0.0 

79350.0 

96560.0 

5941.0 

530.0 

530.0 

15009.0 

655.0 

61500.0 

64700.0 

11114.0 

48492.0 

0.0 

0.0 

0.0 

0.0 

-250.0 

0.0 

0.0 

10000.0 

0.0 

0.0 

5862.0 

0.0 


REACTION 

A 

E 

C2H2  =  C2H  +  H 

2.373E+32 

-5.28 

130688.0 

C2H2  +  02  =  HCCO  +  OH 

2.000E+07 

1.5 

30100.0 

C2H2  +  O2  =  C2H  +  HO2 

1.210E+13 

0.0 

74520.0 

C2H2  +  HO2  -  CH2  +  CO  +  OH 

1.508E+11 

0.0 

7948.0 

C2H2  +  OH  =  C2H  +  H2O 

2.710E+13 

0.0 

10500.0 

C2H2  +  OH  =  CH2CO  +  H 

2.192E-04 

4.5 

-1000.0 

C2H2  +  H  =  C2H  +  H2 

7.830E+00 

3.2 

477.0 

C2H2  +  0  =  CH2  +  CO 

2.896E+06 

2.09 

1560.0 

C2H2  +  0  =  HCCO  +  H 

4.344E+06 

2.09 

1560.0 

C2H2  +  CH3  =  C2H  +  CH4 

1.800E+11 

0.0 

17290.0 

C2H  +  OH  =  HCCO  +  H 

2.000E+13 

0.0 

0.0 

C2H  +  0  =  CO  +  CH 

l.OOOE+13 

0.0 

0.0 

C2H  +  O2  =  CO  +  HCO 

2.410E+12 

0.0 

0.0 

CH2CO  +  M  =  CH2  +  CO  +  M 

3.600E+15 

0.0 

59270.0 

CH2CO  +  02  =  CH2O  +  CO2 

2,000E+13 

0.0 

61500.0 

CH2CO  +  HO2  -  CH2O  +  CO  +  OH 

6.000E+11 

0.0 

12738.0 

CH2CO  +  OH  =  HCCO  +  H2O 

7.500E+12 

0.0 

2000.0 

CH2CO  +  0  =  CH2  +  CO2 

1.760E+12 

0.0 

1349.0 

CH2CO  +  0  =  HCCO  +  OH 

l.OOOE+13 

0.0 

8000.0 

CH2CO  +  H  =  CH3  +  CO 

3.715E+13 

0.0 

3660.0 

CH2CO  +  H  =  HCCO  +  H2 

5.000E+13 

0.0 

8000.0 

CH2CO  +  CH3  =  C2H5  +  CO 

l.OOOE+12 

0.0 

3000.0 

CH2CO  +  CH2  =  C2H4  +  CO 

2.000E+12 

0.0 

3000.0 

HCCO  +  M  =  CH  +  CO  +  M 

6.000E+15 

0.0 

58821.0 

HCCO  +  OH  =  HCO  +  CO  +  H 

l.OOOE+13 

0.0 

0.0 

HCCO  +  0  =  CO  +  CO  +  H 

1.930E+14 

0.0 

590.0 

HCCO  +  H  =  CH2  +  CO 

1.500E+14 

0.0 

0.0 

HCCO  +  O2  =  CO2  +  CO  +  H 

1.400E+09 

1.0 

0.0 

HCCO  +  CH2  =  C2H  +  CH2O 

l.OOOE+13 

0.0 

2000.0 

HCCO  +  CH2  =  C2H3  +  CO 

3.000E+13 

0.0 

0.0 

HCCO  +  CH  =  C2H2  +  CO 

5.00E+13 

0.0 

0.0 

HCCO  +  HCCO  =  C2H2  +  2C0 

l.OOE+13 

0.0 

0.0 

Third-body  efficiencies: 

16,  /(70=1.875,  fcH4~fc2He~fc2H4  fc2H2  1^ 
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AEROTHERMODYNAMIC  LIMITS  OF  RAM  ACCELERATOR  OPERATION 


C.  Knowlen 

University  of  Washington 
'Seattle,  WA,  U.S.A. 

ABSTRACT 

Ram  accelerator  operation  has  proven  to  be  a  reliable  means  for  launching  projectiles  to 
velocities  well  over  2  km/sec  in  the  38  mm  bore  facility  at  the  University  of  Washington. 
Propulsion  cycle  analyses  indicate  that  useful  thrust  levels  can  be  sustained  at  velocities  above 
7  km/sec;^‘^  however,  experiments  at  the  UW  facility  are  restricted  to  approximately  3  km/sec 
due  to  the  limitations  of  the  initial  launcher  and  the  length  and  pressure  rating  of  the  test 
section.^  Even  though  the  ultrahigh  velocities  are  not  attainable  with  the  current  facility, 
essential  investigations  of  ram  accelerator  operating  characteristics  are  being  conducted  in  the 
corresponding  Mach  number  regimes.  Understanding  the  velocity  limiting  mechanisms  in  the 
range  of  2  to  3  km/sec  will  facilitate  the  engineering  of  ram  accelerator  systems  capable  of 
launching  large  payloads  at  near  orbital  velocities. 

Fundamental  studies  of  the  effects  of  propellant  energetics  on  ram  accelerator  performance 
have  helped  determine  several  mechanisms  that  limit  the  peak  velocity  of  a  given  projectile 
configuration.^'!!  High  resolution  pressure  measurements  of  the  transient  flow  fields  of 
projectiles  in  the  process  of  unstarting  have  shown  that  projectile  canting  is  often  a 
precursor. !2’!^  The  projectile’s  geometry  and  materials  have  also  been  varied  in  experiments 
designed  to  distinguish  between  unstart  inducing  phenomena  that  are  gas  dynamic  and  structural 
in  nature. !'^>!^  Computational  and  analytical  investigations  of  aerodynamic  heat  transfer  indicate 
that  parts  of  the  thin-walled  projectiles  will  reach  the  melting  temperature  of  aluminum  and 
magnesium  alloys  within  the  typical  10  msec  duration  of  the  experiment.  !^'!^ 

Theoretical  considerations  indicate  that  for  all  propellant  mixtures  there  is  a  limiting 
velocity  at  which  the  ram  accelerator  thrust  is  exactly  balanced  by  the  projectile  drag.  One¬ 
dimensional,  quasi-steady  Hugoniot  analysis  indicates  that  the  thrust  goes  to  zero  when  the  flow 
leaving  the  vicinity  of  the  projectile  is  at  the  Mach  number  corresponding  to  the  flow  behind  a 
Chapman-Jouguet  or  oblique  detonation  wave  traveling  at  the  projectile  Mach  number.20>2l 
Equating  the  work  done  by  the  projectile  drag  force  to  the  maximum  work  output  possible  for  a 
ram  accelerator  propulsive  cycle  provides  another  approach  to  estimating  the  peak  operating 
velocity  of  a  given  propellant  mixture.^^’^^  Experiments  in  which  the  projectile  coasted  at 
constant  velocity  for  several  meters  are  presented  and  the  applicability  of  these  velocity  limiting 
theories  is  discussed. 
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Velocity-Distance  Data  for  Variable  Propellant  Dilution 
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Evolution  of  an  Unstart 


Attempts  to  operate  in  more  energetic  mixtures 
often  result  in  an  unstart. 

An  unstart  is  seen  here  in  pressure  traces  from 
tube  wall. 
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Mach-position  histories  for  two  projectiles  in 
mixtures  with  differing  sound  speeds. 
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Velocity-position  histories  for  projectiles  with 
different  nose  wall  thicknesses. 


REAL  GAS  EFFECTS  ON  THE  OPERATING  ENVELOPE 
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ABSTRACT 

The  analysis  of  ram  accelerator  performance  is  based  on  one-dimensional  modelling  of  the 
flow  process  that  propels  the  projectile.  The  conservation  equations  are  applied  to  a  control 
volume  travelling  with  the  projectile,  and  quasi  steady  flow  is  assumed.  When  the  flow  is  leaving 
the  control  volume  at  sonic  velocity,  this  modelling  yields  results  that  are  in  good  agreement  with 
the  experimental  observations. 

To  date  the  solutions  obtained,  namely  the  generalized  Hugoniot  and  the  thrust  equation, 
have  been  based  on  the  ideal  gas  assumption.  At  the  high  level  of  pressure  that  is  encountered 
during  the  ram  accelerator  process,  this  assumption  can  not  be  regarded  as  adequate.  Thus  a  more 
appropriate  equation  of  state  (EOS)  should  be  used  instead.  Depending  upon  the  level  of  pressure, 
several  equations  of  state  are  available  for  dense  gaseous  energetic  materials.'^  The  virial  type  of 
EOS  can  be  more  or  less  sophisticated,  depending  upon  the  extent  of  complexity  of  the 
intermolecular  modeUing.^’'^  It  turns  out  to  be  totally  appropriate  for  most  gaseous  explosives 
mixtures  that  have  been  investigated  at  moderate  initial  pressures,^’^  i.e.,  less  than  Po=10  MPa.  As 
soon  as  the  initial  pressure  exceeds  this  value,  this  EOS  is  no  longer  valid  and  a  more  sophisticated 
one  is  needed.^  Of  course  when  dealing  with  most  energetic  systems,  a  powerful  thermochemical 
computation  program  is  required.  This  is  the  aim  of  the  QUARTET  code  that  was  used  in  this 
investigation, especially  for  determining  chemical  equilibrium  composition.^^ 

In  the  present  case  the  Boltzmann  EOS  was  applied.^^  It  is  based  on  very  simplified 
molecular  interactions  which  makes  it  relatively  easy  to  use  in  calculations.  Moreover,  the  energetic 
EOS  needs  to  be  taken  into  account.  This  concerns  all  the  calorimetric  coefficients,  as  well  as  the 
thermodynamic  parameters  which  can  not  be  expressed  anymore  as  only  a  function  of  temperature. 
The  higher  the  pressure  level,  the  more  sophisticated  these  corrections,  but  the  main  relationships 
that  account  for  real  gas  effects  are  basically  the  same.  These  include  the  use  of  a  general  form  of 
analytical  operators  applied  to  correct  the  thermodynamic  functions  and  coefficients.^^ 

The  equations  governing  the  one-dimensional  modelling  were  taken  as  a  basis  for  the  real 
gas  corrections.  They  were  solved  in  an  analytical  way.  The  parameters  which  play  a  most  crucial 
role  in  this  correction  may  thus  be  highlighted.  A  complete  set  of  equations,  involving  the  real  gas 
effects  are  presented  in  this  paper.  This  more  accurate  model  can  better  predict  the  projectile 
acceleration  of  the  thermally  choked  propulsive  mode.  Although  the  present  analysis  is  applied  to 
the  fuel  rich  Methane/Oxygen/Nitrogen  mixture  currently  used  in  the  ram  accelerator 
experiments, its  general  formulation  makes  it  readily  applicable  to  any  other  mixture.  The 
projectile  velocity  and  acceleration  histories  determined  by  the  Hugoniot  analysis  for  the  thermally 
choked  ram  accelerator  mode,  assuming  a  Boltzmaim  EOS,  turn  out  to  be  in  much  better 
agreement  with  experimental  observations  up  to  the  CJ  detonation  velocity. 

^  Current  address:  Laboratoire  de  Combustion  et  Ddtoriique 
ENSMA  -  CNRS  -  University  of  Poitiers  -  Futuroscope,  France 
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EQUATION  OF  STATE 


General  form  of  the  equation  of  state  (EOS)  of  the  combustion  (or  detonation)  products: 

pv  = 

THERMODYNAMIC  EQUATION  OF  STATE 

Enthalpy:  H*'^{p,T,xi,x2>—>Xn)=  H‘Kt,xi,x2>—>  x„)+H{p.T  >xi>X2>-‘->Xn) 

hit.  energy:  U''^i^,T,xi,x2>"->Xn)=  U^^{T,xi,x2>"->Xn)  +  ^i^>'^>xi,x2>  —  >Xn) 

where  H  and  U  are  the  imperfect,  residual  or  excess  term.  These  are  the  corrections  which  will  be  • 
affected  by  the  EOS: 
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THERMODYNAMIC  PROPERTIES 

Heat  capacities  ratio: 

Sound  speed:  cP=rRT 

and  r 
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with  R  :  universal  gas  constant  related  to  1  kg  of  mixture 
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IMPULSE  OF  THE  PROPULSIVE  CYCLE  OF  THE  RAMAC 
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ASSUMPTION  #3:  REAL  GAS 
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APPLICATION 


this  range  of  pressure,  i.e.  0.1  MPa  <Po^  ^  MPa,  the  most  appropriate  EOS  is  flie 
BOLTZMANN  EOS: 


pv  —  dR.T 


where: 


0  =  1+1  +  0.625(1^  +  0.287(^)^  +  0.193(1)  +0  (^) 


High  order  terms  expressed  in  O 
the  following  law; 
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J 

are  neglected  and  molecular  interactions  are  described  by 


with  h-Yj^jhi 


This  particular  form  of  the  EOS  yields: 


U-0  and  H{p,T,x\,x2>—>xr^ — 


hnpulse  can  thus  be  readily  calculated. 


Thrust  vs  Mach  Number  for  Ideal  and  Real  Gas  EOS 


(Vd/d)  ismiii  |Buojsu0iJU!puoN 


Mach  Number  (M^) 


Nondimensional  Thrust  (F/PA) 


Thaist  vs  Mach  Number  for  Theory  and  Experiment  at  25  Bar 


Velocity  vs  Distance  for  Theory  and  Experiment  at  25  Bar 


Thrust  vs  Mach  Number  for  Theory  and  Experiment  at  50  Bar 


Velocity  vs  Distance  for  Theory  and  Experiment  at  50  Bar 
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The  Effects  of  Real  Material  Behavior  on 
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ABSTRACT 

Recent  firings  of  the  HIRAM  facility  at  Aberdeen  Grounds  produced  evidence  strongly 
implying  ablation  of  projectiles  which  were  of  either  all -aluminum  or  mixed  aluminum/magnesium 
construction.  Beyond  the  immediate  concern  of  loss  of  projectile  structural  integrity  caused  by 
ablation,  there  is  the  issue  of  impact  on  projectile  performance  caused  by  the  introduction  of 
aluminum  and/or  magnesium  into  the  reacting  freestream. 

The  modifications  needed  to  attempt  to  accurately  analyze  the  situation  using  an  existing 
one-dimensional  equilibrium  chemistry  code  are  discussed.  It  is  found  that  the  changes  to  the  gas 
dynamic  equations  are  minor  and  solution  of  the  equations  should  present  little  problem  once  the 
mass  flow  rate  of  metal  into  the  freestreamis  known.  Calculating  the  mass  flow  rate  of  metal  into 
the  freestream  is  found  to  be  a  more  difficult  problem  because  of  complex  physics  and  uncertainties 
of  material  properties,  particularly  liquid  metal  properties. 

The  existing  one-dimensional  equilibrium  chemistry  performance  code  is  used  to  ascertain 
the  significance  of  the  performance  changes  caiised  by  increasing  levels  of  metal  introduced  into 
typical  HIRAM  reactants,  fuel  rich  methane,  oxygen,  and  nitrogen  mixtures  of  moderate  energy 

release  values,  3.5  <  ^ . <  5.4.  Without  knowing  the  exact  rates  of  projectile  material  loss, 

CpT, 

various  levels  of  rate  of  material  loss  are  assumed  (0%,  1%,  5%,  10%,  and  25%  over  a  fixed  distance 
of  two  accelerator  tube  lengths)  so  that  comparisons  can  be  made.  Examination  of  the  results 
reveals  that  the  change  in  energy  release  value  caused  by  introduction  of  metal  as  a  reactant  is  not 
excessive.  The  increase  in  equilibrium  temperature  brought  about  by  increasing  amounts  of 

o 

reacting  metal  can  be  dramatic,  pushing  combustion  temperatures  to  3000  K  and  above  for  cases 
of  very  high  metal  loss  rates  (as  would  be  expected  in  total  projectile  failure  and  consummation). 
Very  low  loss  rates  (1%)  were  found  to  cause  temperature  increases  great  enough  to  have  a  serious 
impact  on  the  kinetics  of  the  fuel  mixture. 
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area 

thrust 

enthalpy 

enthalpy  of  evaporation 

convective  heat  transfer  coefficient 

thermal  conductivity 

latent  heat  of  fusion 

mass  flow  rate 

pressure 

heat  flux 

initial  temperature 
melting  temperature 
evaporation  temperature 
time 

velocity  in  axial  direction 

velocity  in  transverse  direction 

velocity  of  liquid-gas  interface 

velocity  of  liquid-solid  interface 

vertical  dimension 

thermal  diffusivity 

thermal  penetration  depth 

metal  vapor  to  gas  mass  flow  rate  ratio 

density 


INTRODUCTION 

Overview 

Recent  firings  of  the  HIRAM  facility  have  shown  evidence  of  the  aluminum  and  magnesium 
material  used  in  projectile  construction  burning.  The  use  of  these  materials  has  long  been 
questioned  for  purely  structural  reasons.  The  consequence  of  metal  erosion  is  the  introduction  of 
another  reactant  into  the  fuel  mixture.  The  effect  of  adding  another  reactant  to  the  nominal  fuel 
mixture  has,  to  date,  not  been  investigated. 
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The  expense  of  operating  a  large-bore  facility  puts  a  premium  on  utilizing  results  obtained 
from  smaller  facilities  such  as  those  given  in  Reference  1,  The  HIRAM  projectile  has  been  found  to 
be  operable  over  a  limited  range  of  energy  release  values  and  the  sensitivity  to  energy  release  rates 
is  only  now  being  quantified.  The  presence  of  an  imaccounted  reactant  could  very  possibly  cause 
the  resulting  fuel  mixture  to  have  undesireable  characteristics.  The  purpose  of  this  paper  is 
twofold;  1)  describe  a  methodology  for  analyzing  the  problem  tising  an  existing  one-dimensional 
equilibritim  chemistry  performance  code  and  2)  use  the  existing  code  to  attempt  to  explain  the 
recent  failures. 

Fluid  Mechanical  Governing  Equations 

Figure  1  shows  a  diagram  of  the  control  volume  describing  the  problem.  The  major 
departure  from  previously  reported  analyses  is  the  secondary  stream  crossing  the  control  surface 
that  envelopes  the  projectile.  This  is  the  flux  of  metal  that  occurs  when  projectile  material  ablates. 
The  existing  one-dimensional  equations  have  to  be  modified  to  include  mass,  momentum,  and 
energy  that  cross  the  control  surface. 

It  should  be  apparent  that  the  momentum  equation  presents  a  complication  to  the  analysis. 
It  would  be  reasonable  to  assume  that  the  metal  vapor  leaves  the  projecitle  in  a  direction  normal  to 
the  surface.  This  assumption  would  then  require  the  addition  of  a  surface  integral  term  with  a 
variable  integrand  in  the  mometum  equation.  A  simplification  can  be  achieved  if  the  projectile  is 
assumed  to  be  a  flat  plate  as  shown  in  Figure  2.  The  flat  plate  geometry  would  give  equal  flux 
streams  on  top  and  bottom  that  have  no  component  in  the  axial  direction. 

The  expression  for  continuity  is  given  by  Equation  1. 

p  A 1  +  p  .y.  A .  =  p2C^2^2 

Note  that  V .  is  perpendicular  to  the  axial  velocity  and  A .  is  the  reference  area  of  the  flat  plate. 
The  entrance  area,  A  j,  is  equal  to  the  exit  area,  A  2.  The  expression  for  momentum  is  given  by 
Equation  2. 

2  2 

JP  j  A  j  +  p  jt7  j +i^=^2'^2  P  2^2  (2) 

Because  of  the  flat  plate  assumption  and  vertical  only  outflow  velocity,  the  momentum  equation  is 


identical  to  the  case  of  no  outflow  velocity.  The  expression  for  energy  is  given  by  equation  (3). 

IpiU^A^  (3) 
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The  continuity  equation  can  be  rearranged  to  help  clarify  the  deviation  from  the  more 
familiar  no  outflow  case  by  dividing  through  by  p  1 A  j  and  defining  a  perturbation  parameter. 


l  +  e  = 


P2C/2 


where 


e=- 


p.V.A. 


(4) 


PiUi  Pi^jAi 

The  perturbation  parameter,  e,  corresponds  to  the  mass  flow  ratio  of  metal  to  gas.  Continuity  is 
now  substituted  into  momentum  and  energy  to  give  Equations  5  and  6. 

(5) 


1  + 


AP 


Pi  2 

I-Y2M2 


P2/P, 


-1 


i-(l+e) 


^2+2 


/  2> 

r 

2^ 

+ 

t/2 

J 

1 

j 

(6) 


1  +  e 


When  E  0,  Equations  5  and  6  reduce  to  the  governing  equations  used  in  Reference  2  to  calculate 
ram  accelerator  thrust  curves. 


Heat  Transfer  with  Phase  Chang.es 

Though  it  has  not  yet  been  done,  the  calculation  of  a  thrust  curve  with  the  presence  of  the 
parameter  e  does  not  appear  to  have  any  great  difficulties.  A  more  difficult  problem  is  the 
calculation  of  e  which  involves  calculating  the  flow  rate  of  metal  into  the  freestream.  The  mass 
flow  rate  of  metal  crossing  the  control  surface  and  entering  the  freestream  will  be  determined  by 
the  amount  of  heat  transfer  into  the  projectile  and  the  thermal  properties  of  the  material.  The 
situation  is  shown  schematically  in  Figure  3. 

Heat  flux  into  the  projectile  will  raise  the  temperature  of  the  projectile  above  its  initial 
temperature,  T  i.  During  the  initial  portion  of  the  heating  process,  heating  of  the  projectile  results 
in  the  growth  of  the  penetration  depth.  At  some  time,  the  penetration  depth  reaches  the  centerline 
of  the  plate  which  is,  because  of  symmetry,  an  adiabatic  surface.  After  the  penetration  depth 
extends  to  the  plate  centerline,  the  temperature  of  the  centerline  begins  to  rise  above  T j.  The 
temperature  at  the  surface  will  continue  to  climb  until  the  fusion  temperature,  T f,  is  reached  and 
then  a  melt  layer  will  begin  to  propagate  into  the  slab.  Further  heating  will  raise  the  temperature 
at  the  surface  to  the  evaporation  temperature,  ,  and  metal  will  then  enter  the  free  stream  in 
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the  gas  phase.  The  mass  flow  rate  of  metal  is  then  used  to  calculate  the  parameter,  e,  allowing  the 
fluid  dynamic  equations  to  be  solved. 

The  situation  just  described  is  a  complicated  one  and  there  are  several  problems  that 
impact  the  accuracy  of  any  calculated  results.  The  freestream  flow  will  certainly  be  turbulent  so 
calculated  heat  transfer  from  the  freestream  into  the  projectile  will  be  depend  on  the  turbulence 
model  used.  The  melt  layer  also  presents  a  challenging  problem.  The  freestream  will  be  exerting  a 
shearing  stress  on  the  fluid,  so  the  melt  layer  will  actually  be  flowing.  The  nature  of  the  melt  layer 
flow  will  depend  on  the  applied  shear  stress,  viscosity,  and  depth  of  the  layer.  Previous  work 
reported  in  Reference  3  used  the  assumption  that  shear  stress  was  so  great  that  as  soon  as  the 
material  reached  the  liquid  phase,  ablation  occurred.  For  the  purpose  of  calculating  material  loss 
disregarding  interaction  with  the  flow  field,  this  is  a  reasonable  approach.  However,  if  material 
interaction  with  the  flow  field  is  desired,  it  is  necessary  to  continue  the  thermal  analysis  until  the 
the  metal  evaporates  because  it  will  react  in  the  gas  phase. 

An  initial  search  did  not  obtain  all  the  needed  information  on  the  properties  of  aluminum 
and  magnesium  in  the  liquid  state.  This  might  indicate  that  such  information  is  not  readily 
available  or  widely  circulated.  In  the  absence  of  data,  assumptions  need  to  be  made  about  the 
conductivity  and  viscosity  of  liquid  aluminxim  and  magnesium  and  this  introduces  large 
uncertainties  into  the  calculations.  It  might  be  necessary  to  use  generalized  property  relations  for 
liquids  such  as  given  in  Reference  4  in  order  to  estimate  the  needed  information.  As  a  first 
approximation,  it  seems  reasonable  to  assume  a  small  film  height  and  relatively  large  vicosity 
suggesting,  therefore,  that  the  melt  layer  is  a  creeping  flow.  The  portion  of  the  problem  that  deals 
with  heat  transfer  in  the  solid  phase  is  purely  conductive  in  nature  and  can  probably  be  well 
characterized  even  with  a  simple  analysis. 

Attention  will  be  focused  on  outlining  a  simplified  analysis  that  can  be  used  to  calculate  the 
mass  flow  rate  of  metal  vapor  into  the  ram  accelerator  freestream.  The  application  of  integral 
methods  to  various  sitiiations  is  covered  extensively  in  Reference  5.  It  was  previously  speculated 
that  the  melt  layer  would  be  a  creeping  flow  situation.  In  the  interest  of  making  the  thermal 
analysis  as  simple  as  possible,  it  will  be  assumed  that  flow  in  the  melt  layer  will  have  no  impact  on 
heat  transfer  so  the  problem  will  be  reduced  to  one  that  is  purely  conductive  in  nature. 

The  governing  equation  for  imsteady,  conductive  heat  transfer  is  given  by  Equation  7. 


The  simplifying  assumption  of  constant  properties  is  also  made.  Integrating  both  sides  of  Equation 
7  from  y  =  0  to  y  =  8(0  ,  the  penetration  depth  of  the  temperature  profile,  gives  the  integral  version 
of  the  heat  transfer  equation. 


_  ^ 
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dm 

y=8«)  dt 


(8) 


A  cubic  polynomial  will  be  used  to  represent  the  temperature  profile. 

T(y,t)  =  ay  +  a2y  +  a3y^+aiy^ 

The  constants  of  the  polynomial  expression  will  be  determined  by  applying  the  necessary 


boundary  and  initial  conditions. 

The  boundary  conditions  that  apply  at  the  initial  stage  of  the  problem  are  identical  to  those 
that  apply  to  heat  conduction  into  a  semi-infinite  solid.  When  the  penetration  depth  reaches  the 
midplane  of  the  plate,  it  can  no  longer  advance  forward.  At  this  point  in  time  it  will  become 
necessary  to  solve  the  same  governing  equations  with  different  boundary  conditions.  When  a 
phase  change  temperature  is  reached,  another  change  in  boundary  conditions  occurs.  In  addition, 
a  second  temperature  profile  is  needed  for  the  liquid  phase.  The  phase  changes  also  involve  fronts 
that  advance  into  the  the  material.  These  relations  are  expressed  by  the  following  two  equations 


liquid-solid  phase  change: 


heat  flux  in 

heat  flux  out 

heat  absorbed 

(liquid  phase) 

(solid  phase) 

(melting) 

-1^ 


liq 


iM 

+ 

dy 


=  pLu, 


sol 


(10) 


liquid  gas  phase  change: 


heat  flux  in  _  heat  flux  out  _  heat  absorbed 
(gas  phase)  (liquid  phase)  (evaporation) 


=  pA/iftU, 
liq 


(11) 


where  L  is  the  latent  heat  of  fusion,  is  the  heat  of  evaporation,  v,  is  the  velocity  of  the 


liquid-solid  interface,  and  u ,  is  the  velocity  of  the  gas-liquid  interface.  Performing  a  continuity 
balance  on  the  gas-liquid  interface  gives  the  mass  flow  rate  of  metal  vapor  into  the  freestream. 
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(12) 


p  jV  .  =  p .  V  ^ . 

At  this  moment,  it  is  not  certain  that  the  integral  heat  transfer  approach  just  outlined  will 
actually  be  used.  The  use  of  a  purely  numerical  approach  will  also  be  investigated  and  a  decision 
on  which  to  used  will  be  based  on  their  relative  merits. 

DISCUSSION 

As  previously  mentioned,  the  modifications  necessary  to  correctly  include*  the  flow  of  metal 
into  the  control  volume  have  not  yet  been  incorporated  into  the  eQuilibrium  chemistry  performance 
code.  Nevertheless,  some  preliminary  calculations  were  made  with  the  existing  code  in  the  interest 
of  attempting  to  get  some  insight  to  the  problem  of  magnesium  and  aluminum  entering  the 
freestream.  The  actual  rate  of  metal  erosion  was  not  calculated  so,  instead,  several  different  rates 
of  steady  erosion  were  assumed.  The  assumed  erosion  rates  were  0%,  1%,  5%,  10%,  and  25% 
projectile  mass  over  two  tube  lengths  ( 9  m).  The  mass  of  metal  lost  was  added  to  the  mass  of  the 
gas  mixture  in  the  same  length  of  tubing  and  from  this  total  mass  of  reactant,  a  modified  mixture 
composition  was  used  as  the  input  to  the  equilibrium  chemistry  performance  code.  The  initial 
temperatures  used  for  the  metal  reactants  were  their  respective  evaporation  temperatures  which 

are  2770  ""K  for  aliiminum  and  1380  for  magnesium.®  Without  going  any  further,  it  should  be 
apparent  that  the  relatively  low  evaporation  temperature  of  magnesium  might  present  serious 
problems  when  exposed  to  the  combustion  environment  inside  a  ram  accelerator. 

Lumping  the  metal  together  with  the  gas  reactants  is  equivalent  to  mixing  the  metal  with 
the  gas.  Instead  of  forming  a  secondary  stream  into  the  control  volume,  the  metal  vapor  enters  the 
control  volume  at  the  entrance  face  {  see  Figure  1)  with  the  same  velocity  velocity  as  the  gas 
reactants.  Equations  4-6  are  presented  with  e  as  a  perturbation  parameter.  As  long  as  e  is 
sufficiently  small,  the  true  solution  won’t  deviate  much  from  the  approximate  solution. 

Three  different  base  methane,  oxygen,  nitrogen  mixtures  were  investigated.  These 
mixtures  were  chosen  because  they  cover  the  range  of  energy  release  values  that  are  normally 

used  currently  in  ram  acceleratores,  3.5  <  <  5.4.  A  summary  of  the  cases  run  is  shown 

det 

in  Table  1.  The  measured  weights  of  aluminum  and  magnesium  standard  geometry  HIRAM 
projectiles  (  no  isolators  inserts)  were  used  to  calculate  metal  weight  fractions. 
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Table  1:  metal  to  gas  reactant  fractions  for  all  calculations. 


The  results  of  all  the  calculations  performed  are  shown  in  Figures  4-15.  The  effect  of  metal 

hq 

addition  to  a  base  gas  mixture  is  represented  by  4  plots.  The  first  plot  shows  energy  release,  q  fp  r 

and  thrust,  as  functions  of  velocity  with  increasing  levels  of  the  first  metal  (magnesium);  The 
APi 

T 

second  plot  shows  temperature  ratio,  as  a  function  of  velocity  for  the  first  metal.  These  two 

^  1 

plots  are  then  repeated  for  the  second  metal  (aluminum).  The  entire  sequence  is  then  repeated  for 
the  other  two  gas  mixtures. 

Calculation  of  the  aluminum  thrust  curves  produced  an  unexpected  problem.  The  program 
would  only  calculate  a  few  points  (out  of  43)  of  the  thrust  curve  and  then  stop  because  it  was  not 
able  to  converge  on  the  solution  (P,T)  and  that  point.  The  curves  for  5%  aluminum  loss  with  a 
mixture  of  3C  +  2O2  +  ,  Figures  10  and  11,  are  entirely  missing  because  the  program  was 

unable  to  converge  on  the  first  point,  the  Chapman-Jouget  detonation  point.  It  is  believed  that 
when  a  certain  temperature  was  reached,  a  phase  change  was  occurring  within  the  equilibrium 
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combustion  products  and  this  caused  the  ideal  gas  based  iteration  scheme  of  the  flow-solver  to  fail. 
While  this  problem  is  significant  and  warrants  further  investigation,  it  was  decided  to  use  the 
results  obtained  because  the  portions  of  the  curves  that  were  calculated  were  sufficient  to  support 
the  trouble-free  magnesium  calculations. 

The  initial  topic  of  concern  regarding  combustion  of  metal  with  ram-accelerator  methane/ 
oxygen/nitrogen  fuel  mixtures  was  that  an  inordinate  amount  of  additional  energy  would  be 
released  and  this  would  cause  an  unstart.  Examination  of  the  energy  release  vs  velocity  plots 
shows  that  energy  release  does  rise  but  not  excessively  and,  for  aluminum,  energy  release  reaches 
a  maximum  and  decreases  with  larger  percentages  of  aluminum  erosion.  The  erroneous  conclusion 
one  could  reach  from  studying  only  energy  release  calculations  is  that  large  percentages  of  metal 
erosion  can  be  tolerated  without  provoking  an  unstart. 

Energy  release,  however,  is  not  the  only  factor  that  determines  the  successful  operation  of  a 
ram  accelerator  projectile.  Energy  release  rate  also  plays  a  significant  role  and  was  strongly 
believed  to  be  responsible  for  the  unstarts  experienced  in  the  latest  series  of  firings  of  the  HIRAM 
facility.*^’®  Temperature  was  found  to  strongly  affect  the  ignition  delay  time  of  a  given  mixture.  An 
increase  of  50  shortened  the  delay  time  of  a  mixture  by  43%.®  The  increase  in  average  flow 
field  temperature  from  1350  to  1400  was  caused  by  the  use  of  helium  as  a  diluent.® 
Examination  of  the  temperature  plots  shows  that  an  approximate  increase  of  50  throughout 
the  calculated  velocity  range  caused  by  the  loss  of  1%  mass  of  a  magnesium  projectile.  The 
temperature  gain  from  a  loss  of  1%  of  an  aluminum  projectile  is  approximately  double. 
Equilibrium  temperatures  increase  monotonically  with  increasing  levels  of  metal  reactant  for  the 
levels  investigated  in  this  study.  The  temperatures  associated  with  a  total  projectile  failure  reach 

or  exceed  3000  . 

It  is  possible  to  piece  together  a  plausible  explanation  for  the  unstarts  observed  in  the 
latest  series  of  HIRAM  firings,  shots  34-37.  Shot  34  successfully  used  an  all  aluminum  projectile 
flying  through  an  methane/oxygen/nitrogen  mixture.  Shots  35  and  36  unstarted  using  all 
aluminum  projectiles  flying  through  helium  diluted  mixtiires.  Shot  37  unstarted  using  a  composite 
aluminum/magnesium  projectile  flying  through  the  same  mixture  used  successfully  in  shot  34. 
Photographic  evidence  showing  the  combustion  very  close  to  the  projectile  throat  led  to  the 
conclusion  that  shot  34  was  operated  very  close  to  permissable  limits  of  energy  release  levels  and 
energy  release  rate.*^  Shots  35  and  36  unstarted  because  higher  operating  temperatures  caused 
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the  energy  release  rate  to  become  too  high.®  The  same  increase  in  operating  temperature  can  be 
caused  through  the  loss  of  a  relatively  small  amount  of  magnesium.  This  is  a  conservative 
approach  to  estimating  magnesium’s  effect  on  kinetics  and  doesn’t  begin  to  answer  questions 
regarding  the  effect  magnesium  has  on  the  reaction  mechanism. 

Given  magnesium’s  low  evaporation  temperature  of  1380  °K  which  is  comparable  to  the 
average  temperature  throughout  the  ram  accelerator  flow  field,  it  seems  very  likely  that  this  is 
what  happened.  After  the  unstart  becomes  established,  the  temperature  increases  and  this  will 
cause  the  mass  flow  rate  of  magnesium  into  the  freestream  to  increase  which  further  increases 
temperature  leading  to  a  very  violent  and  hot  destruction  of  the  projectile.  Aluminum  projectiles, 
on  the  other  hand,  survived  the  unstarts  in  shots  35  and  36  but  the  bases  appeared  to  be  on  fire. 

This  result  is  supported  by  aluminum’s  much  higher  evaporation  temperature  of  2770  K  which 
would  inhibit  participation  of  aluminum  in  combustion  except  for  localized  hot  spots.  Higher 
temperatures  caused  by  greater  speeds  or  more  energetic  reactants  should  cause  aluminum  to  be 
as  vulnerable  as  magnesium  is  at  current  operating  temperatures. 

CONCLUSIONS 

The  computation  of  projectile  ablation  remains  a  challenging  problem  because  of 
complicated  physics  and  uncertain  material  data.  The  effect  assumed  rates  of  ablation  have  on 
projectile  performance  is  much  easier  to  calculate.  Despite  these  current  limitations,  it  is  possible 
to  demonstrate  that  projectile  material  loss  can  have  a  profound  and  devastating  effect  on 
projectile  performance  by  increasing  energy  release  rates  beyond  acceptable  limits  and  causing  a 
projectile  unstart.  In  HIRAM  shot  37  a  material  loss  rate  on  the  order  of  1%  mass  occuring  over  9 
meters  of  travel  would  have  been  sufficient  to  push  a  kinetically  marginal  fuel  mixture  to  having 
too  quick  an  ignition  delay  time  thus  causing  the  projectile  to  unstart. 
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Figure  1:  Ram  accelerator  control  volume 


Figure  2:  Simplified  ram  accelerator  control  volume. 
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Figure  9:  Temperature;  "Mild"  mix  +  Mg 
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ABSTRACT 

In  a  ram  accelerator  a  sharp-nosed-body  flies  at  supersonic  velocity  through  a  tube  initially 
filled  with  a  highly  compressed  combustible  gas  mixture.  By  shock  compression,  i.e.,  bow  wave 
and  its  reflections  at  the  tube  wall,  the  gas  mixture  is  heated  progressively  and  is  ignited  in 
subdetonative  combustion  mode  at  the  body's  back  giving  a  forward  thrust  to  the  ram-projectile.  In 
superdetonative  mode,  as  investigated  in  the  RAMAC  30  of  ISL,  the  combustion  takes  place  in  the 
channel  between  the  projectile  body  and  the  tube  wall. 

The  experimental  work  is  progressing  well  at  ISL  with  both  ram  accelerators,  the  30  mm 
caliber  RAMAC  30  [4,  5]  and  the  90  mm  caliber  RAMAC  90  [7,  8].  The  computer  code  MEGEC 
[9],  which  was  initially  developed  to  evaluate  the  composition  and  the  thermodynamic  properties  of 
a  gas  mixture,  has  been  applied  for  comparing  and  predicting  both,  the  detonation  velocity  of  the 
combustible  gas  mixtures  used  in  the  RAMAC  and  the  projectile  acceleration  with  theoretical 
calculations.  This  code  takes  into  account,  on  the  basis  of  a  gas  kinetic  model,  the  chemical 
reactions  between  fuel  and  oxidizer  which  are  produced  by  combustion.  The  modeling  of  real  gas 
effects  begins  by  using  in  the  equation  of  state  the  virial  coefficients  given  by  BOLTZMANN  [3]. 

To  calculate  the  pressure  increase  caused  by  the  gas  reaction  that  results  in  a  projectile 
acceleration,  the  velocity  history  is  calculated  using  a  time-step  procedure.  For  each  time  step  the 
combustion  model  is  applied  in  a  one-dimensional  scheme  for  calculating,  on  the  basis  of  the 
conservation  equations  the  pressure  force  «ccerted  at  the  projectile’s  boat  tail.  The  whole  firing 
cycle  is  subdivided  in  n  time  intervals  Ati,  At2,...,  Atn,  with  constant  acceleration  in  each  of  the  time 
intervals. 


INTRODUCTION 

The  ram  accelerator  concept  was  developed  and  tested  successfully  in  a  38-mm-device  by 
HERZTBERG,  BRUCKNER  &  BOGDANOFF  [1]  at  the  University  of  Washington,  Seattle,  USA 
in  1986.  In  1988,  based  on  the  need  of  ISL  for  hypersonic  launching  facilities,  the  decision  was 
taken  to  build  two  ram  accelerators:  a  30-mm-tube,  called  RAMAC  30,  and  a  90-mm-one,  RAMAC 
90.  The  RAMAC  90  is  designed  to  accelerate  masses  of  several  kilograms  to  velocities  up  to  about 
3  km/s.  The  RAMAC  30  facility  is  used  for  basic  research,  see  SEILER  et  al.  [5],  mainly  in  the 
superdetonative  flight  regime,  with  the  objective  of  obtaining  highest  possible  projectile  velocities. 

Parallel  to  the  ram  accelerator  experiments  at  ISL  there  was  a  need  for  a  theoretical  description 
of  the  combustion  phenomena  running  off  around  the  ram  projectile.  The  aim  of  this  calculation  is 


to  be  able  to  study  the  influence  of  interesting  parameters  on  projectile  acceleration  such  as:  gas 
mixture  composition,  projectile  mass,  projectile  velocity,  bypass  ratio,  initial  pressure  and  others.  A 
numerical  solution  of  the  fixll  Navier-Stokes  equations  was  not  taken  into  account  due  to  the 
amount  of  work  involved  and  the  excessive  computer  time  requiered.  Therefore  a  one-dimensional 
model  was  developed  by  SMEETS  et  al.  [2]  to  calculate  the  time  history  of  projectile  acceleration 
by  solving  the  conservation  equations  applied  to  the  flow  around  a  ram  projectile.  There,  in  the 
energy  equation  the  heat  release  due  to  combustion  has  to  be  modeled  taking  into  account  the 
chemical  reactions  of  fuel  and  oxidizer. 

SMEETS  et  al.  [2]  used  a  straightforward  model  based  on  a  perfect  gas  for  calculating  the 
change  of  state  1  before  reaction  to  state  2  after  reaction.  Since  the  assumption  of  a  perfect  gas  is 
not  a  good  one,  it  was  replaced  by  using  real  gas  equations  to  improve  the  results.  Therefore,  in  the 
computer  code  MEGEC,  see  Fig.  1,  real  gas  effects  have  been  introduced  taking  into  account  the 
interaction  between  the  species  of  the  gas  mixture  on  a  gaskinetic  level.  Herewith,  the  high  gas 
pressures  can  be  modeled  much  more  precisely. 


DESCRIPTION  OF  THE  CODE  MEGEC 


Perfect  gas  and  "real"  gas:  thermodynamic  properties 

The  energy  of  an  gas  molecule  can  be  divided  into  two  parts:  the  kinetic  energy  of  translation 
due  to  the  linear  motion  of  its  mass  center,  and  the  internal  energy  of  the  molecule,  i.e.,  the  rotation 
energy,  vibration  energy  and  electronic  excitation. 

According  to  the  mechanical  statistics  developed  by  BOLTZMANN  [3],  these  different  parts 
of  the  total  energy  of  a  gas,  that  contains  N  molecules  in  a  volume  V  at  temperature  T,  can  be 
described  with  the  partition  function  Q(V,T). 

For  a  perfect  gas  the  Boltzmann’s  partition  function  can  be  written  as. 

Q(V,T)  =  QtQint, 

and  Qint  (T)  ”  Qr  Qv  Qe, 

3 

-  _ N  — 

2 

V 

Each  of  the  internal  partition  functions  Q^,  Qy  and  Qe  can  be  expressed  as  follows: 


with  Q,(v,t)  = 


Zumki 


Q  =  Zgjexp 


Sj 

K  kJj 


The  parameter  gj  is  the  number  of  quantum  states  of  energy  Sj.  These  parameters  are  available  in 
spectroscopic  tables. 


For  a  "real"  gas  we  must  consider  the  intermolecular  forces,  especially  for  high  pressures.  If  we 
introduce  the  covolume  b  of  a  molecule,  the  equation  of  state  can  be  developed  as  an  virial 
expansion.  For  that  purpose,  a  corrective  term  must  be  added  to  the  translation  partition  function,  as 
follows: 


Qt(v,T)= 


27tmkT 


Nb 


The  thermodynamic  properties  of  the  gas  ,  especially  the  chemical  potential  p,  are  all  deduced 
from  the  partition  function  Q(V,T).  They  are  listed  in  Fig.  2. 


Thermodynamic  properties  of  a  gas  mixture 

We  will  consider  a  reacting  gas  as  a  mixture  of  several  components  which  can  react  with  each 

other.  This  mixture  of  j  components  formed  from  m  chemical  elements  (e.g.,  C,  H,  N,  O, . ),  will 

contain  the  reacting  species  and  the  species  produced  by  the  reactions.  If  Nj  is  the  number  of 
molecules  of  the  species  i,  the  thermodynamics  properties  of  each  of  the  species  i,  given  in  Fig.  3, 
can  be  determined  with  the  formulae  shown  in  Fig.  2. 

By  using  the  Dalton  law  we  can  write  the  gas  properties  of  the  mixture  as  a  sum  of  these  for 
each  species.  For  example,  the  pressure  p  and  energy  E  are  given  by  the  following  expressions: 

P=2:pi 

i 

£=$:£;  =ZNjkTef  . 

i  i 

At  equilibrium  we  can  determine  the  composition  of  the  mixture,  i.e.,  the  N;  for  each  species, 
because  ftere  the  Gibbs  free  energy  has  its  minimium  value.  In  addition  we  have  to  take  into 
account  the  conservation  of  the  number  of  atoms  (see  Fig.  4).  This  gives  a  system  of  equations 
which  is  solved  with  the  help  of  the  multipliers  of  Lagrange  %  At  least,  the  composition  will  be 
given  by  the  mole  fractions  Xj  =  Nj/N,  with  N = Z  Nj . 


"Real"  gas  model 

As  can  be  seen  in  Fig.  5  the  equation  of  state  is  modeled  by  using  the  factor  a.  Then  the  change 
of  state  in  a  reacting  gas  mkture  will  be  calculated  on  the  basis  of  a  perfect  gas  with  o  =  1 .  To  take 
into  account  the  real  gas  effects  we  use  a  >  1,  which  is  determined  by  the  evaluation  of 
BOLTZMANN  [3]. 

CALCULATION  OF  DETONATION  VELOCITY  WITH  THE  CODE  MEGEC 

Fig.  6  shows  the  results  of  the  code  MEGEC  for  (a)  perfect  gas  and  (b)  real  gas  effect  using 
Boltzmann’s  equation.  It  can  be  seen  that  for  gas  pressures  in  the  range  of  1  bar  there  exist  only 
small  differences.  For  increasing  gas  pressure,  the  deviation  becomes  considerable  and  for,  e.g.,  40 
bars  the  difference  in  detonation  velocity  is  about  100  m/s.  The  calculation  for  the  real  gas 


description  using  the  equation  of  state  of  BOLTZMANN  [3]  is  in  good  agreement  with  the 
experiment  of  BAUER  [6].  This  comparison  shows  that  for  gas  pressures  much  higher  than  1  bar 
the  real  gas  assumption  becomes  necessary. 


APPLICATION  OF  CODE  MEGEC  TO  RAM  ACCELERATION 

Fig.  7  explains  the  principle  of  the  scram  accelerator  process.  A  vehicle  consisting  of  a 
cylindrical  centerbody  with  conical  portions  at  its  front  and  rear  end  propagates  through  a 
combustible  gas  mixture  filled  in  a  cylindrical  tube  having  a  diameter  greater  thaii  that  of  the 
centerbody.  By  means  of  fins  [4]  or  rails  [5]  which  are  not  shown  in  the  figure,  the  projectile  is 
guided  into  a  centred  position  inside  the  tube. 

The  flow  field  around  the  projectile  flying  at  a  supersonic  and  superdetonative  speed  largely 
corresponds  to  that  of  a  scramjet  engine.  On  its  conical  front  part,  an  attached  shock  is  formed  in 
the  high  Mach  number  upstream  flow.  That  shock  undergoes  one  or  more  reflections  between  the 
wall  of  the  tube  and  the  cylindrical  part  of  the  projectile,  thus  creating  a  series  of  oblique  shocks. 
Herewith,  the  flow  is  compressed  nearly  isentropically  in  the  same  way  as  within  an  inlet  of  a 
scramjet  engine.  The  combustible  mixture  is  expected  to  ignite  and  combust  in  the  circular  section 
between  the  cylindrical  body  and  the  tube.  The  combustion  generated  high  gas  pressure  produces 
thrust  on  the  conical  back  part  of  the  projectile,  corresponding  to  the  thrust  acting  on  the  nozzle  of  a 
scramjet. 

The  thrust  can  be  estimated  by  considering  an  equivalent  one-dimensional  and  stationary  flow 
and  by  calculating  its  global  changes  using  the  equations  for  mass,  momentum  and  energy,  between 
reference  planes,  positioned  as  shown  in  Fig.  8.  As  assumed  in  Fig.  8,  the  upstream  flow  first 
undergoes  an  isentropic  compression  between  the  upstream  flow  1  and  plane  S.  Its  mass  flux, 
energy  flux  as  well  as  the  entropy  of  the  gas  are  all  conserved.  Combustion  is  assumed  to  occur 
within  the  portion  of  constant  cross  section  between  the  cylindrical  part  of  the  projectile  and  the 
tube  wall. 

While  the  fluxes  of  mass  and  momentum  are  conserved,  the  energy  of  the  gas  increases  by  the 
chemical  reaction.  It  is  assumed  that,  after  combustion,  at  plane  2,  the  gas  mixture  has  reached  its 
new  thermal  equilibrium.  In  the  last  step,  the  flow  undergoes  an  isentropic  expansion  between  plane 
2  and  the  downstream  flow  3  in  the  tube.  During  its  passage  over  the  projectile,  the  flow  obtains  a 
net  increase  of  momentum  flux.  The  total  momentum  gain  has  to  be  calculated  by  integration  of  the 
momentum  around  the  projectile.  Its  thrust  and  acceleration  result  from  this  calculation. 

In  order  to  consider  the  projectile  acceleration,  a  time-step-procedure  with  ongoing  time-steps 
Ati,  At2,...,  Atn,  was  developed  (Fig.  9).  From  step  to  step  the  projectile  velocity  is  increased  by 
calculating  the  pressure  distribution  around  the  projectile.  Fig.  10  shows  the  calculation  result  for 
shot  no.  97  and  for  the  first  time-step  ti  at  u  =  1806  m/s,  which  is  the  entrance  velocity  to  the  ram 
accelerator.  Using  the  acceleration  y,  obtained  with  the  effective  gas  pressure  Peff  acting  on  the 
projectile’s  back,  see  Fig.  1 1,  the  velocity  gain  is  obtain^  for  each  time  step  n;  v„+i  =  v„  +  ynAt„. 


RAMAC  30  RAIL  TUBE  CONCEPT 


Best  ignition  and  avoidance  of  unstart  effects  were  obtained  in  the  RAMAC  30  rail  tube  [5] 
with  the  gas  mixture  of  the  following  molar  components;  2  hydrogen  +  1  oxygen  +  3.8 
carbondioxide  having  a  Chapman- Jouguet  detonation  velocity  of  approximately  1500  m/s.  The 
result  of  calculation  obtained  with  the  combustion  model  for  experiment  no.  97  of  RAMAC  30  is 
shown  in  the  path-velocity  plot  of  Fig.  12  for  both,  the  experimentally  as  well  as  the  calculated 
velocity  gain  The  velocity  increase  found  experimentally  in  a  27  bars  gas  mixture  was  about  200 
m/s.  The  mean  acceleration  of  135000  m/s^  is  in  good  accordance  with  the  gasdynamic  estimates 
and  even  slightly  exceeds  the  calculated  acceleration  probably  due  to  a  mass  loss  by  melting  and 
burning  of  the  projectile  material  (aluminum)  during  the  acceleration  cycle,  especially  towards  the 
end  cross-section  of  the  ram-tube. 

The  comparison  shows  that  the  one-dimensional  combustion  model  can  be  successfully  applied 
for  calculating  in  a  few  seconds  CPU-time  on  a  PC-486  the  whole  ram-acceleration  cycle. 
Therefore  it  is  possible  to  do  parameter  studies  immediately  and  parallel  to  the  RAMAC 
experiments  in  order  to  find  an  optimal  operation  level.  CFD  calculations  are  too  expensive  for  this 
purpose  and  their  precision  is  not  necessary  for  a  fast  prediction  of  the  influence  of  the  governing 
parameters. 


CONCLUSION 

A  computer  code  called  MEGEC  was  developed  for  calculating  the  change  of  gas  conditions  for 
a  gas  with  chemical  reactions.  In  the  equation  of  state,  real  gas  effects  are  modeled  using  the  virial 
expansion  of  BOLTZMANN  [3]. 

The  calculation  of  the  detonation  velocity  shows  the  need  for  using  the  real  gas  model, 
especially  at  high  gas  pressures  (p  >  1  bar). 

The  real  gas  code  MEGEC  was  introduced  in  the  scheme  of  SMEETS  et  al.  [2]  for  solving  the 
conservation  equations.  This  scheme  was  applied  to  the  firing  cycle  in  RAMAC  30  of  ISL  using  a 
time-step-proc^ure  for  modeling  the  whole  ram  shot.  The  deviation  between  experiment  and 
calculation  is  very  small  at  the  gas  conditions  present  in  the  RAMAC  30.  The  applicability  of  the 
model  at  oflier  conditions  will  be  tested  when  RAMAC  30  is  operated  at  higher  projectile  velocities 
and  higher  fill  pressures.  The  aim  is  to  become  a  projectile  velocity  of  about  3000  m/s  along  a  tube 
length  of  12  m.  The  calculated  velocity  prediction  for  RAMAC  30  is  given  in  Fig.  13.  Furthermore, 
a  comparison  with  experimental  results  of  ISL’s  RAMAC  90  is  planned. 
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Fig.  1 .  Performance  of  code  MEGEC 


NkTf,  N. 

p—  w  1+wb+... 


r  r-  “I  ^ 

3 

,  f27imkT^2kT  ,  _ 

In  — -2 —  — +lnQint 

V  y  P 


^NkT+NkT2^(lnQ,„t) 


H=E+pV 

E+NkT-N^i 


Fig.  2.  Thermodynamic  properties 
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Fig.  4.  Description  of  thermodynamic  equilibrium  of  a  gas  mixture 
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Fig.  5.  Thennodynamic  function  valid  for  a  gas  mixture 
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Fig.  10.  Calculation  of  flow  around  the  ram  projectile  for  shot  no.  97 
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Fig.  1 1 .  Calculation  of  the  acceleration  and  velocity 


Fig.  12;  Comparison  of  real  gas  calculation  and  experimental  result 
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ABSTRACT 

Computational  fluid  dynamics  solutions  of  the  full  Navier-Stokes  equations  have  been 
used  to  numerically  simulate  the  reacting  in-bore  flowfield  for  the  ram  accelerator  projectile 
propulsion  system.  In  this  system  a  projectile  and  obturator  are  injected  at  supersonic 
velocity  into  a  stationary  tubes  filled  with  pressurized  mixtures  of  hydrocarbon,  oxidizer  and 
inert  gases.  Flow  stagnation  on  the  obturator  initiates  combustion  of  the  mixture.  A  system 
of  shock  waves  generated  around  the  projectile,  in  conjunction  with  viscous  heating,  sustains 
combustion.  The  resulting  energy  release,  which  travels  with  the  projectile,  also  generates 
high  pressures  that  impart  thrust  to  the  projectile.  Numerical  simulations  utilizing  finite- 
rate  chemical  kinetics  have  been  used  to  investigate  this  flow  field  for  a  single-stage  as  well 
as  multi-stage  ram  accelerator.  The  chemical  ignition  time  is  investigated  and  compared  to 
the  gas  dynamic  flow  time  yielding  performance  evaluations  for  various  gas  mixtures  used  in 
these  stages. 

NOMENCLATURE 


A 


Cp 

Oy 

c 

D 

Da 


i 
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m 

M 


n 

N 


P 

Q 

Re 


preexponential  constant  for  rate  law 
CO- volume 

specific  heat  capacity,  constant  p 
specific  heat  capacity,  constant  volume 
specific  reaction  rate  constant 
mass  diffusion  coefficient 
Damkohler  number  (Eq.  21) 
specific  total  internal  energy 
activation  energy  (kJ /kgmole) 
flux  vectors  (Eq.  1) 
molar  specific  enthalpy 
i-th  species 
projectile  length 

mass  or  mixture  quantity  (subscript) 
molecular  weight  (kg/kgmole) 
number  of  moles 
total  number  of  species 
static  pressure 

heat  released.  Ail/, react  —  Aif/^prod 
specific  gas  constant,  ^/M 
universal  gas  constant  (8.314  kJ/kgmole-K) 
Reynolds  Number,  pULj p, 


Sc  Schmidt  Number, 

t  time 

T  static  temperature 

u  axial  velocity 

V  radial  velocity 

U  magnitude  of  the  local  velocity  vector 

V  specific  volume  (1/p) 

W  dependent  variable  vector  (Eq.  1) 

X,  y  cartesian  coordinates 

X  species  mole  fraction 

a  0  for  2D,  1  for  axisymmetric  flow 

7  ratio  of  specific  heats,  Cp/c^, 

J\Hf  enthalpy  of  formation 

K  thermal  conductivity 

fi  molecular  viscosity 

u  stoichiometric  coefficient 

p  density 

(T  species  mass  fraction 

r  shear  stress  tensor 

uj  chemical  production  term  (Eq.  18) 

Q.  source  term  vector  (Eq.  1) 


INTRODUCTION 

Experimental  testing  and  gasdynamic  modeling  of  the  ram  acceleration  technique  for 
in-bore  projectile  propulsion  are  being  investigated  at  the  U.S.  Army  Research  Laboratory 
(ARL)  under  the  Hybrid  Inbore  RAM  (HIRAM)  propulsion  program. This  research  pro¬ 
gram  seeks  to  provide  a  highly  efficient  method  of  achieving  hypervelocity  (3  km/s)  projectile 
launch  for  use  in  high  speed  impact  testing  applications.  The  ARL  ram  accelerator  system 
uses  120- mm  (bore  diameter)  tubes  and  is  modeled  after  the  38-mm  system  at  the  University 
of  Washington,^  where  the  technology  was  first  demonstrated.  Ram  acceleration  has  also 
been  demonstrated  at  the  Institute  of  St.  Louis  (ISL)  in  France.^’®  Numerical  solutions  of 
the  Navier-Stokes  equations  have  been  obtained  via  computational  fluid  dynamics  (CFD) 
for  chemically  reacting,  two-  and  three-dimensional  flows  at  ARL.  A  variety  of  CFD  tech¬ 
niques  have  been  brought  to  bear  on  this  problem,  including  models  for  finite-rate  global- 
and  multiple-step  chemical  kinetics,  and  equilibrium  chemical  processes.  Accurate  numerical 
simulation  of  hydrocarbon-based  reacting  flow  creates  a  very  great  demand  on  computational 
resources  since  the  number  of  intermediate  species  and  the  number  of  reaction  steps  for  typ¬ 
ical  hydrocarbon  fuels  are  prohibitively  large.  The  ARL  CFD  simulation  uses  3  reaction 
steps  and  6  species.  Within  several  hours  of  time  on  supercomputers,  viscous  and  chemi¬ 
cally  reacting  gas  dynamic  simulations  are  used  to  assess  the  influence  of  projectile  velocity, 
fill  pressure,  mixture  composition,  and  projectile  geometry  on  species  consumption,  launch 
tube  wall  pressure  and  projectile  thrust.  These  studies  are  being  used  to  seek  optimum 
performance  for  the  ARL  ram  accelerator  with  minimal  gun  firings.  In  addition,  a  finite-rate 
kinetics  code  consisting  of  176  reactions  and  32  species  is  used  to  evaluate  the  ignition  delay 
time  (heat  release  rate)  and  heat  released  by  mixtures  at  a  constant  pressure  and  an  initial 


temperature,  without  regard  to  the  gas  dynamic  flow.  Important  conclusions  concerning  the 
relative  performance  of  these  mixtures  can  be  obtained  from  both  the  CFD  analysis  and 
kinetics  analysis. 

The  ARL  facility  consists  of  accelerator  tubes  made  from  120-mm  M256  tank  guns  (see 
Figure  1).  The  projectile  is  made  of  high  strength  aluminum  alloy  (4.29  kg)  and  consists 
of  an  axisymmetric  cone-boattail  body  with  stabilizing  fins  for  centering  in  the  tube  (see 
Figure  1).  Projectile  transition  from  the  conventional  (solid  propellant)  launcher  to  the 
accelerator  is  made  through  a  transition/vent  section.  This  section  decouples  the  launch  gun 
movement  from  the  accelerator  (via  a  sliding  interface)  and  vents  combustion  gases  from  the 
conventional  charge.  The  accelerator  tubes  are  filled  with  gas  mixtures  of  hydrocarbon  fuel 
(CH4),  oxidizer  (O2)  and  diluents  (e.g.  N2,  HE)  at  a  pressure  of  50  to  100  atm.  Ignition 
of  the  gas  is  achieved  by  flow  stagnation  on  the  projectile  backplate  (.514  kg  circular  disk), 
initially  mated  to  the  projectile  in  the  launch  gun  tube,  then  gas- dynamically  discarded  in 
the  first  accelerator  tube.  This  process  has  been  numerically  simulated  by  Nusca^  and  is 
reviewed  in  this  paper.  Ends  of  the  accelerator  tubes  are  sealed  with  PVC  diaphragms.  The 
tubes  can  be  separately  filled  with  different  gas  mixtures.  Numerical  simulation  of  projectile 
transition  between  these  tubes  or  stages  is  the  subject  of  the  present  paper.  When  the 
injection  velocity  of  the  projectile  is  greater  than  the  sound  speed  of  the  gas,  a  system  of 
oblique  and  normal  shock  waves  develops  on  the  projectile  which  act  to  sustain  combustion. 
This  energy  release  travels  with  the  projectile  and  thrust  is  generated  by  the  action  of  high 
pressure  reacting  gases  on  the  rear  part  of  the  projectile.  Diluents  are  used  to  tailor  the 
acoustic  speed  of  the  mixture  to  prevent  flow  choking,  and  tailor  the  ignition  delay  such  that 
combustion  takes  place  on  the  projectile  afterbody. 

REACTING  FLOW  MODEL 

CFD  flow  simulations  for  the  ARL  ram  accelerator  are  performed  using  the  Rockwell 
Science  Center  USA-RG  (Unified  Solution  Algorithm  Real  Gas)  code.®-®  This  CFD  code 
solves  the  full,  3D,  unsteady  Reynolds- Averaged  Navier-Stokes  (RANS)  equations  including 
equations  for  chemical  kinetics.  These  partial  differential  equations  are  cast  in  conservation 
form  and  converted  to  algebraic  equations  using  an  upwind  finite- volume  formulation.  Solu¬ 
tion  takes  place  on  a  mesh  of  nodes  distributed  in  a  zonal  fashion  around  the  projectile  and 
throughout  the  flow  field  such  that  sharp  geometric  corners  and  other  details  are  accurately 
represented.  The  conservation  law  form  of  the  equations  assures  that  the  end  states  of  re¬ 
gions  of  discontinuity  (shocks,  detonations,  deflagrations)  are  physically  correct  even  when 
smeared  over  a  few  computational  cells.  The  Total  Variation  Diminishing  (TVD)  technique 
is  employed  to  discretize  inertia  terms  of  the  conservation  equations,  while  the  viscous  terms 
are  evaluated  using  an  unbiased  stencil.  Flux  computations  across  cell  boundaries  are  based 
on  Roe’s  scheme  for  hyperbolic  equations.^  Spatial  accuracy  of  third-order  can  be  main¬ 
tained  in  regions  of  the  flow  field  with  continuous  variation  while  slope  limiting,  used  near 
large  flow  gradients,  reduces  the  accuracy  locally  to  avoid  spurious  oscillations. 

The  RANS  equations  for  2D / axisymmetric  reacting  flow  {N  species  mixture)  are  written 
in  the  following  conservation  form.^ 
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The  shear  stress  terms  are  given  by, 
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The  species  viscosity  and  thermal  conductivity  are  referenced  to  /lo,  «„  and  To  using  Suther¬ 
land’s  law, 
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where  To  and  S  vary  with  species.^®  The  mixture  viscosity  and  thermal  conductivity  are 
determined  using  Wilke’s  law^^  denoting  /  as  yu  or  k, 
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Pick’s  law  is  used  to  relate  the  mixture  dilFusivity  to  the  mixture  viscosity  through  the 
Schmidt  number,  Sc  =  Hml{pT/)i  which  can  be  equated  to  the  Prandtl  number,  Pr  = 
HmCp^lX'm-  The  specific  heat  and  enthalpy  of  each  species  (per  mass)  are  given  by  the 
following  fourth  order  polynomial  curve  fits  with  coefficients  A  —  E,^"^ 

^  =  Ai  +  BiT  +  CiT^  +  DiT^  +  E,T^  (10) 

•Jv^’ 

hi  =  Si  (^j  +  *3"  +  fr"  +  +  f  ^ 

The  mixture  enthalpy,  total  energy  per  unit  volume,  and  ratio  of  specific  heats  are  given  by. 
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A  co-volume  equation  of  state  is  used, 
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where  covolume  can  be  obtained  from  literature. 

The  system  of  Navier-Stokes  equations  (Eq.  1)  is  valid  for  the  laminar  flow  of  a  viscous, 
Newtonian  fluid.  In  reality,  the  flow  will  remain  laminar  up  to  a  certain  critical  value  of 
the  Reynolds  number,  pULjp.  Above  this  critical  value  the  flow  becomes  turbulent  and  is 
characterized  by  the  appearance  of  fluctuations  in  all  variables  (17,  p,  p,  T ,  etc.)  around  mean 
values.  These  fluctuations  are  statistical  in  nature  and  cannot  be  described  in  a  deterministic 
way.  The  current  model  uses  the  Reynolds-averaging  approximation  along  with  algebraic 


turbulence  models  that  relate  fluid  viscosity  (jj.)  to  other  variables.  See  Reference  2  for 
further  details. 

Hydrocarbon  mixtures  (3CH4  +  2O2  +  ION2),  pressurized  to  50-100  atm,  are  commonly 
used  for  ram  accelerator  testing  at  ARL.  Fuel  rich  mixtures  are  used  with  fuel  equivalence 
ratios  of  about  3.  For  this  value  a  complete  understanding  of  CH4/O2  chemical  kinetics, 
especially  for  P  >  10  atm,  is  not  available.^^  Accurate  numerical  simulation  of  hydrocarbon- 
based  reacting  flow  is  very  demanding  in  terms  of  computational  resources  since  the  number 
of  intermediate  species  and  the  number  of  kinetic  steps  are  prohibitively  large  (i.e.,  >  15).  For 
high  pressure  systems  the  computational  investment  may  not  be  justified  due  to  uncertainty 
in  measured  reaction  kinetics.  Thus,  a  global  reaction  mechanism  (neglecting  intermediate 
steps)  has  been  used. 


CH4  d-  202 

CO  -f  2H2  -b  1.50 

CO  "h  .5O2 

CO2 

2H2  +  O2 

2H2O 

The  reaction  rate  is  defined  using  the  Law  of  Mass  Action  and  an  Arrhenius  expression  for 
C,  the  specific  reaction  rate  constant. 

u,  =  (18) 

2=1 

=  AT^exp  crcH^(To2  0^CO^H2<^CO2^H2O 

where  AT^  is  the  collision  frequency  (^j3  =  0  for  the  present  work)  and  the  exponential 
term  is  the  Boltzmann  factor.  Exponents  a  thru  /  are  originally  chosen  to  fit  results  from 
flame  experiments  using  large  kinetic  mechanisms  (see  Table  1)  but  can  be  adjusted  so  that 
computed  results  more  closely  match  experimental  observations. 


Table  1.  Reduced  Reaction  Rate  Data 
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CHEMICAL  KINETICS  MODEL 

The  chemical  energy  (non-dimensional)  released  by  ram  accelerator  gas  mixtures,  QjcpT, 
has  been  used  as  a  relative  figure  of  merit  in  predicting  performance.3.2o  Here,  the  specific 
heat,  Cp,  and  temperature,  T,  are  taken  as  the  fill  conditions  for  the  gas  mixture.  However,  in 
rating  ram  accelerator  peformance,  it  is  required  to  determine  if  a  specific  mixture  will  result 
in  significant  chemical  heat  release  (with  attendent  pressure  rise)  on  the  afterbody  and  base 
of  the  projectile,  thus  generating  thrust.  If  significant  release  occurs  on  the  forebody,  either 
a  reduction  in  thrust  or  an  unstart  (i.e.,  negative  thrust)  will  result.  This  determinaton 
requires  knowledge  of  the  chemical  ignition  delay  time  (energy  release  rate)  of  the  mixture. 


the  gas  dynamic  flow  time,  the  projectile  geometry  and  velocity.  CFD  analysis  provides  a 
good  overall  picture  of  the  gas  dynamic  flow  field  but  is  limited  to  reduced  chemical  kinetics 
mechanisms  that  do  not  accurately  represent  the  ignition  delay  time  (especially  at  high  pres¬ 
sures)  without  empirical  adjustment.  In  order  to  investigate  the  ignition  delay  time  (i.e.,  the 
time  for  rapid  heat  release  to  occur  after  the  temperature  of  a  gas  mixture  has  been  raised), 
a  full  kinetics  mechanism  must  be  used.  Chemical  kinetics  analysis  does  not  consider  the  gas 
dynamic  flow  over  the  projectile,  as  does  the  CFD  analysis,  but  requires  far  less  computer 
time.  Full  mechanisms  for  methane/air  combustion  have  been  the  subject  of  intense  research 
by  several  institutions  including  the  Gas  Research  Institute  (GRI).^^  The  GRI  mechanism 
consists  of  32  species  and  176  reactions.  The  species  are:  H2,  H,  O2,  0,  OH,  H2O,  HO2,  H2O2, 
C,  CH,  CH2,  CH;,  CHs,  CH4,  CO,  CO2,  HCO,  CH2O,  CH2OH,  CH3O,  CH3OH,  C2H,  C2H2, 
C2H3,  C2H4,  C2H5,  C2H6,  HCCO,  CH2CO,  HCCOH,  N2,  AR.  The  reactions  are  given  in 
Table  2.  The  effectiveness  of  this  mechanism  at  high  pressures  (i.e.,  >  10  atm)  is  not  known. 
To  link  this  full  kinetics  mechanism  to  the  CFD  code  would  provide  a  coupled  chemical  time 
and  flow  time  analysis,  but  would  require  prohibitively  long  computer  run  times.  Therefore, 
the  ARL  has  adopted  both  a  CFD  solution  of  the  nonequilibrium  Navier-Stokes  equations 
with  a  3-step  reduced  methane  reaction  mechanism  (Eq.  17),  and  a  kinetics  analysis  of  a 
full  mechanism  as  two  primary  tools  for  predicting  mixture  performance. 

The  SENKIN  kinetics  code^®  predicts  the  time  dependent  chemical  kinetics  behavior 
of  a  homogeneous  gas  mixture  in  a  closed  system.  In  addition  to  predicting  the  species 
and  temperature  histories,  the  code  can  also  compute  the  first-order  sensitivity  coefficients 
with  repsect  to  the  elementary  reaction  rate  parameters.  Once  the  kinetics  mechanism  has 
been  specified,  the  code  can  be  configured  for  a  variety  of  senerios  including  an  system  (i.e., 
specified  initial  mole  fractions  of  the  reactants)  assumed  adiabatic  at  constant  pressure  and 
an  initial  temperature;  the  system  is  free  to  expand,  and  the  enthalpy  of  the  system  is 
constant.  The  governing  equations  follow  from  conservation  of  mass  and  energy. 

(19) 

(20) 

The  chemical  production  term,  u  for  each  species  i,  is  specified  in  Arrhenius  form  (see  Eq. 
18).  An  initial  value  problem  for  the  system  of  ordinary  differential  equations  is  formulated 
given  the  constant  pressure,  initial  temperature  and  initial  composition  of  the  system.  The 
equations  are  numerically  stiff,  in  general,  and  require  special  integration  techniques.^®  Typi¬ 
cal  run  time  on  an  SGI  Indigo  Elan  is  5  mintues.  The  results  include  total  heat  release  versus 
time  and  temperature.  The  total  non-dimensional  heat  released  by  the  mixture,  QjcpT,  is 
the  area  under  the  heat  released  versus  time  curve.  In  the  present  work,  the  SENKIN  code 
was  run  with  initial  conditions  of  the  All  pressure,  fill  composition,  and  an  initial  temperature 
typical  of  the  pre-combustion  flowfield.  A  post-processing  code  for  SENKIN  was  provided 
by  W.  Anderson  at  ARL. 
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RESULTS 


Steady-State  Simulations 

Steady-state  CFD  simulations  are  reported  for  conditions  corresponding  to  shot  27  of 
the  ARL  120-mm  ram  accelerator.^  The  accelerator  tube  was  filled  with  the  standard  gaseous 
mixture  of  3CH4-I-2O2+ION2  (molar)  at  300  K  and  pressurized  to  750  psi  (50  atm).  This 
mixture  has  a  sound  speed  of  361  m/s,  a  Chapman-Jouget  detonation  speed  of  1448  m/s, 
and  a  pre-combustion  7  of  1.379.  The  projectile  fins  were  neglected  so  that  axisymmetric 
simulations  could  be  used.  The  flowfield  equations  (Eq.  1)  were  then  marched  in  a  time- 
accurate  fashion  until  steady-state  was  achieved  for  a  fixed  projectile  velocity.  The  presence 
of  the  obturator  was  neglected.  Comparison  between  CFD  simulation  and  measured  tube 
wall  pressure  data,  for  a  variety  of  conditions,  have  been  reported  by  Nusca.^^ 

Figure  2  shows  the  computed  temperature  contours  for  projectile  velocity  of  1195  m/s 
(Mach  No.=  3.3,  V/Vcj  =  .83);  the  mixture  was  restrained  to  be  chemically  frozen.  The 
projectile  nose  shock  reflects  from  the  tube  wall,  heating  the  mixture  to  410K,  and  then  from 
the  projectile  surface,  further  heating  the  mixture  to  480K.  On  the  projectile  surface,  gas 
temperatures  approach  the  stagnation  temperature  (950K).  For  results  shown  in  Figure  3,  the 
mixture  was  allowed  to  chemically  react.  Ignition  of  the  mixture  is  indicated  by  the  sudden 
appearance  of  H2O,  a  major  reaction  product.  Chemical  reactions  start  both  in  the  forebody 
boundary  layer  and  at  the  point  of  shock  reflection  from  the  tube  wall.  Reactions  engulf  the 
entire  projectile  afterbody  surface  and  continue  in  the  tube  wall  boundary  layer  downstream 
of  the  projectile.  The  projectile  wake  contains  reaction  products  as  well  (not  shown  in 
Figure  3,  see  Reference  2).  Figure  4  shows  the  comparison  of  measured  and  computed  tube 
wall  pressures  for  these  conditions  (see  Reference  17  for  additional  comparisons  between 
computed  and  measured  tube  wall  pressures). 

Figures  5  and  6  show  computed  results  for  projectile  velocities  corresponding  to  Mach 
numbers  of  4.3  and  5.3,  all  other  conditions  the  same  as  for  Figure  3.  The  shock  and 
boundary-layer  induced  reactions  produce  more  water  near  the  projectile,  which  begins  to 
diffuse  further  out  into  the  flowfield  on  the  projectile  forebody.  A  small  region  of  ignition  on 
the  projectile  nose  occurs  at  the  flow  stagnation  point.  Figure  5  indicates  the  “high  Mach 
number  unstart”  phenomena^  as  a  wave  of  combustion  now  travels  ahead  of  the  projectile, 
starting  at  the  nosetip.  More  intense  combustion  (i.e.,  large  amounts  of  H2O)  are  observed 
at  the  forebody-afterbody  junction.  The  computed  projectile  thrust  values  (force  normalized 
by  fill  pressure  and  tube  cross  sectional  area,  F/PA)  corresponding  to  Figures  2,  3,  5  and  6 
are  -.61  (for  the  non-reacting  case),  2.5,  2.3,  and  -.21,  respectively.  Negative  values  indicate 
a  projectile  drag  force.  Thrust  was  determined  by  numerical  integration  of  pressure  and 
shear  stress  on  the  projectile  surface.  The  initial  gas  pressure  also  influences  projectile 
performance.^ 

The  results  of  Figures  3,  5,  and  6  demonstrate  that  increasing  projectile  velocity,  while 
decreasing  the  characteristic  flow  time,  increases  the  gas  temperature  (through  shock  and 
boundary  layer  heating)  which  decreases  the  characteristic  chemical  time.  Figure  7  shows  the 
results  of  several  SENKIN  calculations  for  the  standard  mixture  at  constant  pressures  of  50 
and  100  atm,  and  initial  temperatues  of  1250  and  1350K.  These  temperatures  are  typical  of 
those  achieved  by  the  shock  waves  (bow  and  reflected)  and  stagnation  in  the  wall  boundary 


layer  (CFD  simulations  show  for  flow  velocity  from  1200  to  2000  m/s  pre-combustion  tem¬ 
peratures  are  700  to  1200K  in  the  forebody  shock  layer  and  1000  to  1800K  in  the  afterbody 
flow  field).  The  value  1350K  was  chosen  as  an  average  over  the  velocity  range  1200-2000 
m/s  and  since  this  temperature  leads  to  ignition  times  of  the  same  order  of  magnitude  as 
the  flow  time  over  the  ARL  projectile  (L=.522m,  U=1200-2000m/s,  L/U=0. 435-0. 261  ms). 
The  ignition  delay  time  (see  Fig.  7)  is  linearly  dependent  on  pressure  (for  this  mechanism, 
mixture,  and  temperature  range)  while  the  effect  of  initial  temperature  on  ignition  time  is 
more  dramatic;  hotter  initial  temperatures  produce  shorter  times.  The  Damkohler  number 
(ratio  of  flow  time  to  chemistry  time)  can  be  computed  using, 


Da  = 


Uexp{—T) 


.(21) 


where  e  is  1  for  two-body  collisions  and  2  for  collisions  involving  three  bodies.  Thus  the  flow 
timeis  LfU  and  the  chemical  time  is  exp(-^)//9^  The  chemical  time  decreases  with  increasing 
temperature  and  increasing  pressure  (density).  For  Da  ^  1  the  flow  approaches  chemical 
equilibrium  (i.e.,  no  ignition  delay);  for  Da  <  1  the  flow  approaches  chemically  frozen 
conditions  (i.e.,  infinite  ignition  delay);  for  Da  ~  1  the  flow  is  in  chemical  nonequilibrium. 
Increases  in  Da  with  increasing  gas  dynamic  flow  temperature  (exponential  effect)  causes 
chemical  ignition  of  the  mixture  closer  to  the  nosetip  as  observed  in  Figures  3,  5,  and  6. 
Relying  solely  on  the  heat  released  by  the  mixture,  QjCpT,  to  judge  mixture  performance 
does  not  show  this  effect  since  QjcpT  is  a  constant  3.64  for  this  mixture  (cp  and  T  are  the 
initial  fill  specific  heat  and  temperature  of  the  mixture).  Flow  temperature  can  also  increase 
(decreasing  the  ignition  time)  due  to  the  type  of  chemical  diluent  used,  as  discussed  below. 


Figure  8  shows  the  results  of  several  SENKIN  calculations  for  5  different  gas  mixtures, 
a  constant  pressure  of  50  atm,  and  an  initial  temperature  of  1350K.  The  standard  mixture 
(STD)  is  3CH4+2O2+ION2.  The  mixtures  34/1  and  36/1  (shot  number/stage  number) 
are  slight  variations,  2.6CH4-I-2.IO2+IO.4N2  and  2.7CH4-(-2.l02-f'9.67N2,  respectively.  The 
mixtures  34/2  and  36/2  contain  different  amount  of  diluent  (N2)  or  helium  as  a  diluent, 
2.5CH4+2.IO2+6.5N2  and  5CH4+2O2+4HE,  respectively.  The  values  of  heat  released  by 
these  mixtures,  QfcpT  (i.e.,  the  area  under  the  curves),  are  STD:  3.64,  34/1:  3.78,  36/1: 
3.81,  34/2:  5.15,  and  36/2:  4.08.  The  standard  mixture,  usually  the  intended  content  of  the 
first  stage  of  the  ARL  ram  accelerator,  has  been  shown  to  yield  good  projectile  acceleration.^ 
The  mixture  in  these  exact  molar  proportions  is  not  always  acheived  after  filling,  with  typical 
variations  represented  by  mixtures  34/1  and  36/1.  However,  these  variations  reduce  the 
chemical  ignition  time  noticeably,  and  increase  Q/cpT.  Even  greater  reduction  in  ignition 
time  and  increase  in  QjcpT  is  achieved  by  reducing  the  amount  of  N2  or  replacing  N2  with 
helium.  For  mixture  34  it  is  expected  that  more  ignition  may  occur  on  the  forebody  (reducing 
thrust)  due  to  reduced  ignition  time;  however,  this  is  balanced  by  greater  heat  release  and 
pressure  levels  on  the  afterbody  (resulting  in  an  increased  net  thrust)  due  to  the  greater 
QjcpT.  Using  the  typical  temperature  of  1350K  (as  in  the  34  case)  for  the  mixture  with 
helium  diluent  (36/2)  was  found  not  to  be  appropriate  since  helium  yields  a  higher  gas 
temperature  as  an  atomic  species  (with  two  energy  degrees  of  freedom)  compared  to  diatomic 
nitrogen  (with  five  energy  degrees  of  freedom).  The  higher  gas  temperature  for  helium  occurs 
despite  its  higher  sound  speed  that  yields  a  lower  projectile  Mach  number  (weaker  shocks) 
for  the  same  projectile  velocity.  The  curve  marked  (36/2)*  in  Figure  8  was  generated  using 
1400K  (i.e.,  a  temperature  higher  than  1350K)  and  thus  suggests  that  shot  36  will  perform 


less  satisfactorily  that  shot  34  due  to  the  significantly  shorter  ignition  time  for  stage  2  (in 
fact  shot  36  produced  a  gas  dynamic  unstart  after  entering  the  second  stage^^).  It  should 
be  cautioned  that  Figures  7  and  8  be  used  to  compare  mixture  ignition  times  and  that  the 
actual  times  not  be  used  in  an  absolute  sense.  Performance  results  for  these  mixtures  are 
discussed  in  the  next  section. 

Time-Accurate  Simulations 

Time-accurate  CFD  simulations  are  reported  for  conditions  corresponding  to  shots  27, 
34,  and  36  of  the  ARL  120-mm  ram  accelerator.^  For  shot  27  the  accelerator  tube  is  filled 
with  the  standard  mixture.  For  shots  34  and  36  the  first  tube  is  filled  the  34/1  and  36/1 
mixtures,  respectively,  while  the  second  (and  third)  tubes  were  filled  with  the  34/2  and 
36/2  mixtures.  The  initial  pressure  and  temperature  of  all  tubes  was  50  atm  and  300K, 
respectively.  The  tubes  for  stages  1,  2,  and  3  were  each  4.7m  long.  Doppler  radar  was  used 
to  obtain  a  continuous  in-bore  velocity-time  history  of  the  projectile.  The  shot  27  CFD 
simulation  was  started  with  entrance  of  the  projectile/obturator  combination  into  the  first 
accelerator  tube  at  t  =  20.05  ms  with  specified  velocity  (1256.4  m/s)  and  obturator  back 
pressure  (4000  psi).  The  projectile  fins  were  neglected  so  that  axisymmetric  simulations 
could  be  used.  The  flowfield  equations  (Eq.  1)  were  then  solved  in  a  time-accurate  fashion 
along  with  a  force  computation  for  the  projectile  and  obturator,  individually.  The  velocity 
of  the  projectile  and  the  relative  separation  between  the  projectile  base  and  obturator  were 
updated  for  each  time  step  (0.2  ms)  using  the  computed,  time-dependent  force  and  given 
masses.  The  backpressure  on  the  obturator  due  to  the  conventional  charge  was  assumed  to 
be  nonexistent  after  20.45  ms.  Since  the  obturator  is  greater  than  five  projectile  lengths 
downstream  of  the  projectile  base  after  this  time,  its  influence  on  the  projectile  flowfield  is 
negligible.  A  downstream  outflow  condition  is  then  prescribed  one  projectile  body  length 
behind  the  projectile.  Although  the  tubes  are  sealed  with  PVC  diaphgrams,  projectile 
transition  between  accelerator  tubes  was  simulated  assuming  no  physical  barrier. 

Figure  9  shows  the  measured  projectile  velocity-time  history.  The  projectile  velocity 
was  measured  using  a  Doppler  radar  positioned  outside  the  accelerator  and  beamed  into  the 
tube  using  a  sacrificial  mirror.  The  computer  simulation  shows  overprediction  by  about  2.3% 
with  respect  to  measurements.  Obturator  tilting  (i.e.,  the  obturator  length  is  such  that  the 
obturator  can  spin  within  the  tube  cross-section)  was  observed  using  a  clear  tube  section  in 
the  test.^  Thus  pressure  is  relieved  from  behind  the  projectile  and  thrust  is  decreased. 

Figure  10  shows  the  computed  time  sequence  of  projectile  obturator  separation  in  terms 
of  gas  H2O  mass  fraction.  Water  is  a  major  product  for  the  reaction  given  by  Equation  17, 
thus  illustrating  regions  of  significant  combustion  activity.  For  Figure  10,  white  corresponds 
to  the  absence  of  H2O  in  the  flowfield,  while  dark  grey  corresponds  to  a  water  mass  fraction  of 
0.1.  Reference  2  shows  the  Mach  number  contours  for  this  time  sequence.  Flow  stagnation 
on  the  obturator,  when  in  close  proximity  to  the  projectile,  causes  both  a  normal  shock 
and  a  combustion  front  to  occur  on  the  projectile.  The  combustion  front  it  located  on 
the  projectile  forebody  while  the  normal  shock  is  located  on  the  afterbody  (see  Ref.  2). 
Flow  between  the  combustion  front  and  the  normal  shock  is  slightly  supersonic.  As  the 
obturator  is  pushed  further  back  from  the  projectile  (the  last  frame  of  Figure  10  corresponds 
to  an  obturator  location  of  1.47  m,  2.81  projectile  lengths,  behind  the  projectile  base), 
the  normal  shock  moves  rearward  and  is  eventually  positioned  behind  the  projectile.  At 


this  point  the  projectile  is  in  fully  supersonic  flight.  Combustion  occurs  at  the  projectile- 
afterbody  junction,  due  to  shock  heating,  in  the  projectile  and  tube  wall  boundary  layers 
due  to  stagnation  heating,  and  behind  the  normal  shock  traveling  behind  the  projectile. 
This  normal  shock,  which  also  initiates  combustion,  is  now  driven  by  the  obturator  (i.e.,  a 
piston).  Due  to  the  high  combustion  pressures  on  the  side  toward  the  projectile  and  the 
relieved  backpressure,  the  obturator  is  moving  slower  that  the  projectile. 

Figure  11  shows  three  frames  from  a  transient  CFD  simulation  for  shot  34  during  passage 
from  stage  1  to  2.  Stage  1  was  simulated  as  shot  27,  described  previously.  Frame  1  of  the 
figure  shows  H2O  mass  fractions  for  the  end  of  stage  1  with  mixture  34/1  and  projectile 
velocity  of  1435m/s  (measured  value  was  1405m/s).  In  comparison  to  the  standard  mixture 
at  the  same  Mach  number  (see  Figure  3),  which  has  a  longer  chemical  ignition  time  (see 
Figure  8),  predictably  more  ignition  is  observed  in  the  forebody  boundary  layer  in  Figure  11. 
The  computed  thrust  coefficient  (F/PA)  for  this  case  is  2.0  (-.61  for  the  forebody  component). 
Frame  2  of  the  figure  shows  the  start  of  stage  2  with  the  same  projectile  velocity  but  with 
mixture  34/2.  Since  this  mixture  has  a  shorter  chemical  time  more  ignition  is  observed  in  the 
forebody  boundary  layer,  but  more  intense  combustion  on  the  afterbody  (due  to  the  higher 
mixture  heat  release)  resulting  in  higher  thrust  and  positive  projectile  acceleration.  The 
computed  thrust  coefficient  for  this  case  is  2.33  with  a  higher  drag  for  the  forebody  (-.72  for 
the  forebody  component).  The  last  frame  of  the  figure  represents  the  end  of  the  combined 
stage  2  and  3  (both  filled  identically)  where  the  projectile  velocity  is  1680m/s  (measured 
value  was  1648m/s).  More  combustion  is  observed  on  the  forebody  since  increased  flow 
temperature  (due  to  increased  projectile  velocity)  has  increased  Da  (note  the  exponential 
effect  of  temperature  and  the  linear  effect  of  velocity  in  Eq.  21).  The  computed  thrust 
coefficient  for  this  case  is  2.18  (-.75  for  the  forebody  component).  This  shot  was  a  success 
but  with  an  unusually  large  amount  of  light  on  the  projectile  forebody  observed  at  shot 
exit.^^ 

Figure  12  shows  three  frames  from  a  transient  CFD  simulation  for  shot  36  during  passage 
from  stage  1  to  2.  Frame  1  of  the  figure  shows  H2O  mass  fractions  for  the  end  of  stage  1 
with  mixture  36/1  and  projectile  velocity  of  1400m/s  (measured  value  was  1357m/s).  Frame 
2  of  the  figure  shows  the  start  of  stage  2  with  the  same  projectile  velocity  but  with  mixture 
36/2.  Since  this  mixture  has  slightly  longer  chemical  time  (Fig.  8)  combustion  is  observed 
on  the  forebody  but  to  a  lesser  exent  than  for  entrance  into  stage  2  of  shot  34.  Mixture 
36/2  has  a  larger  sound  speed  than  mixture  34/2  (484  and  356m/s,  respectively)  and  thus 
the  Mach  number  and  nose  shock  strength  are  decreased  in  stage  2  of  shot  36.  This  lesser 
combustion  on  the  forebody  could  be  attributed  to  reduced  gas  temperatures  due  to  a  weaker 
nose  shock.  However,  the  helium  diluent  used  in  mixture  36/2  will  contribute  to  higher  gas 
temperatures,  for  the  same  energy,  due  to  reduced  energy  degrees  of  freedom  as  compared  to 
nitrogen  (as  discussed  previously).  The  last  frame  of  Figure  12  represents  a  position  further 
into  the  second  stage  where  the  projectile  has  decelerated  to  1275m/s  (measured  value  was 
1250m/s).  In  the  CFD  simulation,  the  projectile  thrust  suddenly  reduces  to  negative  values 
(i.e.,  drag)  as  a  combustion  wave  moved  up  onto  the  projectile  forebody,  as  shown  in  this 
frame,  and  produced  high  pressure  forces  there  (note  that  a  normal  shock  does  not  appear 
in  this  flow  field  in  contrast  to  that  shown  in  Fig.  10).  The  simulation  shows  the  unstart 
originating  behind  the  projectile  and  moving  forward.  This  type  of  unstart  has  been  observed 
experimentally.^®  Shot  36  produced  a  ga^  dynamic  unstart  in  the  second  stage  as  determined 


from  radar  data  measured  during  the  firing. 

CONCLUSIONS 

Numerical  simulations  show  that  stagnation  of  the  combustible  gas  on  the  projectile  ob¬ 
turator  causes  the  formation  of  both  a  normal  shock  and  a  combustion  wave  in  the  flowfield. 
As  the  obturator  is  gasdynamically  discarded,  the  normal  shock  trails  behind  the  projectile 
and  the  combustion  wave  collapses  into  shock-induced  combustion  on  the  projectile.  With 
the  obturator  sufficiently  downstream,  the  projectile  accelerates  at  supersonic  speeds.  Pro¬ 
jectile  transition  from  stage  1  to  2  (i.e.,  into  a  mixture  with  lower  nitrogen  diluent  content) 
resulted  in  increased  projectile  forebody  ignition  due  to  the  smaller  chemical  ignition  time  in 
stage  2,  but  increased  projectile  acceleration  due  to  increased  heat  release  on  the  projectile 
afterbody.  The  use  of  helium  diluent  resulted  in  a 'smaller  chemical  ignition  time  (compared 
to  nitrogen)  and  higher  flow  temperatures,  despite  the  higher  sound  speed,  and  thus  caused 
a  gas  dynamic  unstart  in  stage  2. 
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Table  2.  GRI  Methane/ Air  Reaction  Set  (M  is  a  third  body) 


2O+M?=i02+M  • 

0+H02:;=i0H+O2 
0+CH2^H+HCO 
0+CH3^H+CH20 
0+HCO;=iOH+CO 
0+CH2QH;=:0H+CH2O 
0+CH30H^0H+CH30 
0+C2H2:^0H+C2H 
0+C2H4^CH3+HC0 
0+HCCO^H+2CO 
02+00^:^0+002 

0+H+M=i0H+M 

0+H202^0H+H02 

0+OH2*;=iH2+00 

O+OH4;=±0H+0H3 

O+HOO;::iH+0O2 

O+0H3O=iOH+0H2O 

O+02H^0H+0O 

0+02H2^00+OH2 

0+02H5^0H3+0H20 

0+0H200^0H+H000 

02+0H20^H02+H00 

0+H2:=:H+0H 

O+OH;=:H+00 

0+0H2*^H+H00 

0+00+M^002+M 

0+OH20^0H+H00 

0+OH30H?:;OH+OH20H 

0+02H2::^H+H000 

0+02H3=:±H+OH200 

0+02H6^0H+02H5 

0+OH2O0?i0H2+0O2 

H+02+M:=:H02+M 
H+02+N2^H02+N2 
2H+M^H2+M 
2H+002^H2+002 
H+H02;:^02+H2 
H+H202— 0H+H20 
H+OH2*^OH+H2 
H+HOO(+M);:iOH20(+M) 
H+0H2O(+M);=:0H3O(+M) 
H+0H2OH:?^H2+OH20 
H+0H3O(+M)^0H3OH(+M) 
H+0H3O:^0H+OH3 
H+OH30H;:sOH30+H2 
H+02H3(+M)^02H4(+M) 
H+02H4::=02H3+H2 
H+02H6:^02H5+H2 
H+0H20O— 0H3+0O 

H+202:=:H02+02 
H+02+AR— H02+AR 
2H+H2:;=i2H2 
H+0H+M:=iH20+M 
H+H02;:=20H 
H+0H:=:0+H2 
H+OH3(+M)?=iOH4(+M) 
H+H00?=:H2+00 
H+0H20;:^H00+H2 
H+OH20H?:=OH+OH3 
H+0H3O^H+0H2OH 
H+0H30=±0H2*+H20 
H+02H(+M)?:i02H2(+M) 
H+02H3;=:H2+02H2 
H+02H5(+M)?^02H6(+M) 
H+H000^0H2*+00 
H+HOOOH?=H+OH200 

H+02+H20^H02+H20 
H+02-0+0H 
2H+H20;=:H2+H20 
H+H02^0+H20 
H+H202^H02+H2 
H+OH2(+M)^OH3(+M) 
H+OH4;:=OH3+H2 
H+OH20(+M);=:OH20H(+M) 
H+0H2OH(+M)^0H30H(+M) 
H+OH20H::±OH2*+H20 
H+0H30::=:H2+0H20 
H+0H3OH=±0H20H+H2 
H+02H2(+M)^02H3(+M) 
H+02H4(+M)— 02H5(+M) 
H+02H5;?=H2+02H4 
H+0E200;=iH000+H2 
H2+00(+M)^0H20(+M) 

0H+H2^H+H20 

0H+H02:^02+H20 

OH+OH?:iH+HOO 

OH+OH2*;=:H+0H2O 

0H+0H3=i0H2*+H20 

OH+HOO;?iH20+00 

OH+0H3O?:iH20+0H2O 

OH+02H^H+HOOO 

0H+02H2^02H+H20 

0H+02H4^02H3+H20 

20H(+M)^H202(+M) 

0H+H202?:;H02+H20 

0H+0H2:=:H+0H2O 

OH+OH3(+M)^OH30H(+M) 

0H+0H4=::0H3+H20 

OH+0H2O;=:H0O+H2O 

OH+0H3OH?:i0H20H+H2O 

OH+02H2^H+0H2OO 

0H+02H2^0H3+00 

0H+02H6=::02H5+H20 

20H:=:0+H20 

OH+O-H+00 

0H+0H2?=:0H+H20 

0H+0H3^0H2+H20 

OH+OO^H+002 

OH+OH2OH;=iH20+0H2O 

0H+0H30H;=±0H30+H20 

OH+02H2^H+HOOOH 

0H+02H3?=:H20+02H2 

OH+OH200?^HOOO+H20 

2H02?:±02+H202 

H02+0H3::=i02+0H4 

H02+0H2O=:iH0O+H2O2 

0+0H3;=i:H+02H2 

OH+S2O;=:H+0H2O 

0H+0H4;:::H+02H4 

0H+0H2O^H+0H20O 

OH2+H2^H+OH3 

0H2+0H4^20H3 

0H2*+N2^0H2+N2 

0H2*+O2^=i00+H2O 

0H2*+H2O:?^0H2+H2O 

0H2*+0O:=:0H2+0O 

0H2*+02H6:=i0H3+02H5 

0H3+H202;=:H02+0H4 

OH3+HOO^OH4+O0 

0H3+OH3OH?:i0H3O+0H4 

H0O+H2O:?::H+0O+H2O 

0H20H+02^H02+0H2O 

02H+H2^H+02H2 

02H5+02;=;H02+02H4 

2H02?=:02+H202 

H02+OH3:=iOH+OH30 

0+02?=:0+00 

0H+O2;=i0+H0O 

0H+0H2?::H+02H2 

OH+00(+M);=iHOOO(+M) 

OH+HOOO:=iOO+02H2 

20H2^H2+02H2 

0H2+O0(+M)=::0H20O(+M) 

OH2*+AR?:;OH2+AR 

OH2*+H2:=:OH3+H 

0H2*+0H3?=H+02H4 

0H2*+O02^0H2+0O2 

0H3+O2=:;O+0H3O 

20H3(+M)^02H6(+M) 

0H3+0H20-H00+0H4 

OH3+02H4:=:02H3+OH4 

HOO+M^H+OO+M 

0H3O+02;=:H02+0H20 

02H3+02;=:H00+0H20 

H000+02;=:OH+200 

HO2+OH2^OH+0H2O 

H02+OO^OH+O02 

0+OH2^H+02H 

OH+H2^H+OH2 

0H+0H3^H+02H3 

0H+0O2^H0O+0O 

OH2+02=±OH+HOO 

0H2+0H3:=iH+02H4 

OH2+H00O-02H3+OO 

0H2*+02^H+0H+00 

0H2*+H20(+M)^0H30H(+M) 

0H2*+0H4^20H3 

0H2*+0O2^OO+0H2O 

0H3+O2;=:0H+0H2O 

20H3=:iH+02H5 

0H3+0H30H^0H20H+0H4 

0H3+02H6-02H5+0H4 

H0O+O2?^HO2+0O 

02H+O2^HOO+0O 

02H4(+M)^H2+02H2(+M) 

2HO0O:=i20O+02H2 

Mounts 


Figure  2:  Non-reacting  fiowfield  temperature  contours  (300  <T  <  480-l-K,  white  to  dark  black).  Stan¬ 
dard  mixture  at  50  atm.  Velocity  =  1195  m/s,  V/Vcj  =  -83.  Mach  No.  =  3.3 
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Figure  3:  Flowfield  H.O  mass  fraction  contours  (0  <  c  <  0.08  in  white.  0.08  <  c  <  0.1  in  grey  to  dark 
black).  Standard  mixture  a^O  atm.  Velocity  =  1195  m/s,  W/YcJ  =  -83.  Mach  No.  -  3.3 
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Figure  4:  Computed  (thick  line)  and  measured  (thin  line)  tube  wall  pressure  distributions  for  conditions 
of  Figure  3  (L  =  .522m  projectile  length). 


Figure  5:  Flowfield  H2O  mass  fraction  contours  (0  <  c  <  0.08  in  white.  0.08  <  c  <  0.1  in  grey  to  dark 
black).  Standard  mixture  at  50  atm.  Velocity  =  1557  m/s,  V/Vcj  =  1-08,  Mach  No.  =  4.3 


Figure  6:  Flowfield  HoO  mass  fraction  contours  (0  <  c  <  0.08  in  white.  0.08  <  c  <  0.1  in  grey  to  dark 
black).  Standard  mixture  at  50  atm.  Velocity  =  1919  m/s,  V/Vcv  =  1-33,  Mach  No.  -  5.3 


TIME  (msec) 

Figure  8:  SENKIN  results  for  P  =  50  atm,  T  =  1350K  (*  T  =  1400K),  five  different  mixtures  (see 
text  for  designations). 


Figure  9:  Computed  emd  measured  projectile  velocity  vs.  time  of  flight  for  shot  27,  standard  mixture 
at  50  atm  and  300  K  fill  conditions.. 
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Figure  10;  Flowfield  H2O  mass  fraction  contours  (0  <  c  <  0.1  for  white  to  dark  black)  for  shot  27.  Time 
sequence  from  20.05  ms  to  21.05  ms.  0.2  ms  interval.  Computed  projectile  velocities:  1256.  1267, 
1289.  1299.  1305.  1310  m/s.  Computed  obturator  locations:  0.  .443.  .961.  1.51.  2.1.  2.81  L  from 
projectile  base. 
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Figure  11;  Flowfield  HoO  mass  fraction  contours  for  shot  34.  Fi-ame  1:  end  of  stage  1.  mixture  34/1. 
projectile  vel.  =  1435  m/s  (0  <  c  <  0.092  in  white.  0.092  <  c  <  Q.l  in  grey  to  dark  black).  Fi-ame  2: 
start  of  stage  2.  mixture  34/2,  projectile  vel.  =  1435  m/s  (0  <  c  <  O.Ll  in  white.  0.13  <  c  <  0.138  in 
rey  to  dark  black).  Frame  3:  end  of  stage  3,  mixture  34/2,  projectile  vel.  =  1680  m/s  (0  <  c  <  0.13 
m  white.  0.13  <  c  <  0.138  in  grey  to  dark  black). 
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Figure  12:  Flowfield  HoO  mass  fraction  contours  for  shot  36.  Frame  1:  end  of  stage  1.  mixture  36/1. 
projectile  vel.  =  1400  m/s  (0  <  c  <  0.092  in  white.  0.092  <  c  <  0,1  in  grey  to  dark  black).  Frame  2; 
start  of  stage  2.  mixture  36/2.  projectile  vel.  =  1400  m/s  (0  <  r  <  0.05  in  white.  O.Oo  <  c  <  0.1  in  grey 
to  dark  black).  Fi-ame  3:  start  of  stage  2.  mixture  36/2,  projectile  vel.  =  1275  m/s  (0  <  c  <  0.09  m 
white.  0.09  <  c  <  0.12  in  grey  to  dark  black). 
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ABSTRACT 

An  experimental  and  numerical  investigation  of  the  three-dimensional  flow  field  associated 
with  the  ram  accelerator  projectile  is  presented.  Experiments  were  performed  which  measured, 
with  high  spatial  and  temporal  resolution,  the  tube  wall  pressure  induced  by  a  sub-caliber  projectile 
as  it  travels  supersonically  through  a  tube  containing  a  methane-based,  pre-mixed  combustible  gas 
mixture.  These  experiments  were  performed  in  the  sub-,  trans-,  and  superdetonatiye  regimes  of  a 
single-stage  ram  accelerator  and  reveal  the  three-dimensional  nature  of  the  projectile  flow  field  as 
affected  by  the  projectile  fins,  various  combustion  phenomena,  and  the  phenomena  of  projectile 
canting.  Numerical  simulations  of  the  non-reacting,  three-dimensional  flow  field  using  a  finite- 
volume  based,  inviscid,  second-order  spatial  accurate  computational  fluid  dynamics  (CFD)  code 
have  helped  to  reveal  the  structure  of  the  flow  field  between  the  projectile  and  the  tube  wall  and 
have  been  compared  to  experimental  results.  It  was  found  that  the  flow  field  is  highly  influenced 
by  the  projectile  fins  and  that  the  non-reacting,  inviscid  simulations  agree  well  with  experiment^ 
results.  Canting  of  the  projectile  was  experimentally  observed  and  numerically  verified.  It  is 
hypothesized  that  the  phenomenon  of  projectile  canting  has  a  significant  link  the  physics  of 
projectile  unstarts. 

INTRODUCTION 

The  ram  accelerator  is  a  ramjet-in-tube  propulsion  concept  developed  at  the  University  of 
Washington  (Hertzberg,  Brackner,  and  Bogdanoff,  1988)  which  operates  in  a  maimer  similar  to  a 
conventional  ramjet  or  scramjet,  as  shown  in  Fig.  1.  A  sub-caliber  projectile  similar  in  shape  to  the 
centerbody  of  a  convention^  ramjet  travels  supersonically  through  a  tube  ^ed  with  a  g^ous 
combustible  mixture,  with  the  tube  wall  acting  as  an  outer  cowling.  Combustion  on  and  behind  the 
projectile  produces  a  pressure  rise  which  results  in  a  net  positive  thrust.  A  typical  projectile,  as 
shown  in  Fig.  2,  has  four  fins  which  extend  from  the  sides  of  the  body  and  serve  to  center  the 
projectile  in  the  tube.  Projectiles  are  typically  fabricated  from  high  strength  aluminum  or 
magnesium  alloys  into  hollow  segments,  tiie  nose  cone  and  body,  which  are  threaded  together  to 
form  the  complete  projectile. 

Previous  to  the  study  of  Hinkey,  Burnham,  and  Bruckner  (1992),  the  influence  of  the 
projectile  fins  on  the  flow  field  between  the  projectile  surface  and  tube  wall  were  thought  to  be 
negligible  and  hence  did  not  have  a  significant  effect  on  projectile  performance  (i.e.,  acceleration 
and/or  maximum  velocity).  Previous  numerical  studies  were  forced  to  assume  the  flow  around  &e 
projectile  to  be  completely  axisymmetric  in  nature  mainly  due  to  the  difficulties  of  modeling 
compressible,  three-dimensional  flows  and  also  due  to  the  belief  that  three-dimensional  effects 
were  not  significant  in  regards  to  performance.  R^ently,  with  the  availability  of  higher 
performance  computers  and  enhanced  diagnostics,  experiment^  and  numerical  studies  have  begun 
the  investigation  of  the  full  three-dimensional  flow  field  about  the  ram  accelerator  projectile.  These 


studies  have  taken  into  account  the  fins  on  the  afterbody  of  the  projectile  which  have  a  significant 
effect  on  the  flow  field  and  projectile  performance. 


EXPERIMENTAL  AND  NUMERICAL  RESULTS 

The  measurement  of  the  tube  wall  pressure  distribution  created  by  the  passage  of  a 
proiectile  is  severely  hampered  by  the  standard  distribution  of  instrumentation  ports  in  the  ram 
accelerator  facility  (Knowlen  et  al.,  1991).  As  shown  in  Fig.  3,  the  distance  betw^n  successive 
transducers  is  40  cm  which  is  quite  large  compared  to  the  length  of  a  projectile.  In  addition,  at 
each  transducer  location  the  transducer  ports  are  separated  by  either  90  or  120  degr^s,  making 
high  spatial  resolution  measurements  very  difficult  As  shown  in  Fig.  A,  ^o  types  of  short  tube 
sections,  which  are  inserted  between  the  standard  ram  accelerator  facility  tube  sections,  were 
constructed.  Both  designs  have  greatly  increased  axial  and  circumferential  transducer  port  density. 
The  highly  instrumented  tube  section  (HITS)  and  tube  “inserts”  were  utilized  to  measure  the  tube 
wall  pressure  distribution  of  various  projectiles  in  the  sub-,  trans-,  and  superdetonative  velocity 
regimes  (Hertzberg,  Bruckner,  and  Knowlen,  1991)  in  the  “standard”  first  stoge  mixture  of 
2.7CH4+2O2+5.8N2  which  has  a  Chapman-Jouguet  (C-J)  detonation  velocity  of  1750  m/s. 

Results  from  a  typical  experiment  utilizing  the  HITS  are  shown  in  Fig.  5  for  a  st^^d 
four-fin  projectile  in  the  subdetonative  mode  (Hertzberg,  Bruckner,  and  Knowlen,  1991).  Ihe 
large  pressure  spikes  found  in  traces  2, 4,  6,  and  8  were  found  to  be  caused  by  the  p^sage  of  the 
projectile  fins  directly  over  the  transducers  whose  locations  are  denoted  relative  to  the  projectile 
in  the  small  diagram  at  the  top  of  Fig.  5.  These  pressures  are  never  seen  m  axmymmetac 
calculations  due  to  the  absence  of  the  projectile  fins.  Further  evidence  as  to  the  effect  ot  the 
projectile  fins  on  the  flow  field  between  the  projectile  surface  and  the  tube  wall  is  illustrated  m 
Fig  6  which  presents  a  comparison  between  an  axisymmetric  calculation  of  tube  wall  pressure  and 
a  typical  experimental  tube  wall  pressure  trace  taken  along  a  circumferential  position  haJ^ay 
between  two  adjacent  fins.  The  initial  pressure  variation  is  nearly  identical,  but  beginmng  at  the  70 
usec  mark,  the  two  plots  appear  quite  different  with  the  experiniental  plot  exhibiting  a  l^S® 
pressure  rise  which  is  absent  in  the  calculation.  It  was  found  that  this  pressure  rise  w^  a  result  of 
the  convergence  and  reflection  of  the  shock  waves  created  by  the  leading  surface  of  the  projectile 
fins  (Hinkey,  Burnham,  and  Bruckner,  1992).  The  calculated  tube  wall  distnbutioii  at  severd 
circumferential  angles  is  shown  in  Fig.  7  and  is  shown  to  be  quite  different  from  iht  ax^ymmetnc 
calculation.  It  has  been  shown  that  projectiles  with  a  different  number  of  fins  (i.e.,  five  fip  as 
opposed  to  four)  show  significant  differences  in  performance  (Hinkey,  Burnham,  and  Bruckner, 

1993). 

The  phenomenon  of  projectile  “canting”  has  also  been  observed  (Hinkey,  Bumhain,  and 
Bruckner,  1993).  Projectile  canting  is  defined  as  a  projec^e  whose  am  is  not  co-linear  with  the 
tube  axis  while  it  is  being  accelerated  down  the  tube,  Le.,  it  is  either  simply  translate^o  cme  side 
or  has  a  non-zero  angle  of  attack  relative  to  the  tube  axis.  Typical  data  utilizing  the  HITS  showmg 
the  effects  of  projectile  canting  is  illustrated  in  Fig.  8.  Note  the  differences  in  amyal  tiine  and 
initial  shock  amplitude  between  transducers.  A  line  connecting  the  arrival  times  of  the  initial  shock 
for  each  probe  has  been  constructed  to  illustrate  the  characteristic  “S”  shape  that  is  produced  by  a 
canted  projectile.  The  effect  is  iUustrated  conceptually  in  Fig.  9  where  an  axisyminetric  projectte 
has  a  non-zero  angle  of  attack  relative  to  the  tube  axis.  The  “upperi’  wall  pressure  distnbution  h^ 
a  characteristic  large  initial  pressure  rise  which  is  ne^ly  always  of  much  larger  magmtude  than  the 
“lower”  wall  pressure  distribution  which  arrives  earlier  and  is  much  weaker.  A  three-dimensional 
iiriliTing  an  axisymmetric  projectile  was  performed  in  an  attempt  to  determine  the  extent 
of  projectile  canting  for  select  experiments.  A  method  was  developed  which  was  utilized  to  obt^n 
a  close  guess  as  to  the  extent  of  the  projectile  can^g  (Hinkey,  Burnham,  and  Bruckner,  1993). 
Figure  10  presents  the  resulting  numerical  simulation  as  compared  to  the  experimental  pressure 


traces  previously  shown  in  Fig.  9,  The  numerical  and  experiment  results  match  qualitatively 
quite  well  and  as  a  result  the  angle  of  attack  of  the  projectile  was  estimated  to  be  approxunately  4.5 
degrees  and  the  nose  tip  of  the  projectile  was  translated  approximately  7.5  mm  from  the  centerline 
axis  of  the  tube.  A  corresponding  three-dimensional  calculation  including  the  effects  of  projectile 
fins  is  shown  in  Fig.  11.  Note  the  wide  variation  in  the  character  of  the  tube  wall  pressure 
distribution  for  the  different  circumferential  locations.  The  widely  varying  nat^  of  the  pressiw 
distribution  may  have  serious  consequences  regarding  high  speed  (superfetonatm)  operation  of  a 
ram  accelerator  projectile,  i.e.,  the  phenomena  of  high  speed  unstarts  (Hinkey,  1994). 
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Fig.  1  Comparison  of  the  ram  accelerator  to  a  conventional  ramjet 


PORTS 


Fig.  3  Illustration  of  the  distance  between  instrumentation  stations  relative  to  the 
length  of  a  projectile  for  the  standard  ram  accelerator  facility. 


TUBE 

COUPLERS 


Inserts 


Fig.  4  Schematics  of  the  highly  instrumented  tube  section  (HITS)  and  tube 
“inserts”  as  installed  between  two  sections  of  ram  accelerator  tubes. 
Projectiles  shown  for  scale. 
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Fig.  5  Tube  wall  pressure  distribution  of  a  4-fin  projectile  showing  the  influence 
of  the  fins  on  the  flow  field.  Subdetonative  regime,  1440  m/s  (Mach  4.0) 
or  82%  of  the  C-J  detonation  speed.  Gas  Mixture  of 
2.7CH4+2O2+5.8N2. 


Fig.  6  Comparison  of  the  experimental  tube  wall  pressure  along  the  centerline  of  a 
channel  (directly  between  two  adjacent  fins)  with  the  results  from  an 
axisymmetric  simulation. 
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Fig.  7  Line  plots  of  the  calculated  tube  wall  pressure  of  a  4-fm  projectile  as  a 
function  of  distance  at  5  different  circumferential  angles  from  the  centerline 
of  a  fin  to  the  centerline  of  a  channel.  Projectile  velocity  of  1440  m/s 
(Mach  4.0)  in  a  non-reacting  mixture  of  2.7CH4+2O2+5.8N2. 
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Fig.  8  Tube  wall  pressure  traces  using  the  HITS  illustrating  a  canted  projectile. 
The  arrival  times  of  the  initial  shock  wave  has  been  connected  by  lines  to 
show  &e  characteristic  “S”  shape.  Subdetonative  regime,  1560  m/s  (Mach 
4.3)  or  89%  of  the  C-J  detonation  speed.  Gas  Mixture  of 
2.7CH4+2O2+5.8N2. 
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Fig.  9  Illustration  of  the  difference  in  arrival  position  of  the  initial  shock  wave  and 
the  magnitude  of  the  reflection  at  opposite  sides  of  a  tube  for  a  canted 
projectile. 


Fig.  10  Comparison  of  calculated  (bottom)  to  experiment  (top)  tube  wall  pressure 
traces  for  a  canted  projectile  with  and  estimated  angle  of  attack  of  4.5 
degrees  and  a  nose  tip  translation  of  7.5  inm.  Subdetonative  regime,  1560 
m/s  (Mach  4.3)  or  89%  of  the  C-J  detonation  speed. 


Fig.  11  T  ine,  plots  of  the  calculated  tube  wall  pressure  distribution  of  a  canted 
projectile  with  fins  which  has  an  angle  of  attack  of  4.5  degrees  and  a  nose 
tip  translation  of  7.5  nun.  Subdetonative  regime,  1560  m/s  (Mach  4.3)  or 
89%  of  the  C-J  detonation  speed.  These  5  traces  correspond  to  45  degree 
increments  in  circumferential  angle  from  the  “upper"’  to  “lower”  wall. 


Introduction 


Previous  work 

•  Experiments: 

~  Record  low  spatial  resolution  tube  wail  pressure  and 
luminosity  profiles  in  all  regimes  of  operation 

-  Experimentally  determine  operational  limits 

-  Benchmark  for  theoretical  performance  calculations 

-  Generally  more  advanced  than  numerical  simulations 

•  1-D  Calculations  (control  volume  approach): 

-  Gives  theoretical  subdetonative  acceleration  perfor¬ 
mance  and  maximum  velocity  of  projectile 

-  Does  not  predict  observed  trans-  or  superdetonative 
performance 

•  2-D  Axisymmetric  Calculations: 

-  Navier-Stokes  with  chemical  reaction 

-  Predicts  obsen^ed  trans-  and  superdetonative  perfor¬ 
mance  “fairly  weir 

•  3-D  Calculations: 

-  None  prior  to  the  start  of  this  research 

-  Numerous  experiments  and  simple  3-D  calculations  per¬ 
formed  herein  have  “inspired”  others  to  perform  the  ini¬ 
tial  3-D  chemically  reacting,  Navier-Stokes  calculations 


Introduction 

(con*t) 

Why  investigate  the  3-D  flow  field? 

•  There  are  several  phenomena  which  are  not  predicted  by 

1  -D  or  2-D  calculations: 

-  Anomalous  tube  wall  pressure  recordings 

-  Deviations  from  predicted  sub-,  trans-,  and  superdeto- 
native  prqectile  acceleration  performance 

-  Projectile  unstarts  (high  velocity  limits) 

•  Determine  the  3-D  aspects  of  the  flow  field  to: 

-  Determine  the  cause  of  anomalous  tube  wall  pressure 
recordings 

-  Increase  projectile  acceleration  performance  in  all 
regimes 

-  Determine  what  limits  the  maximum  velocity  of  a  partic¬ 
ular  projectile  geometry  In  a  particular  mixture 

-  GO  FASTER! 
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Axisymmetric  Simulations  and  Experiments 
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Experiments 


Single-stage  experiments 

•  Reacting  gas  mixture  of  2.7CH4+2O2+5.8N2 

•  Non-reacting  gas  mixture  of  2.7CH4+7.8N2 

•  Initial  tube  fill  pressures  from  18  to  35  atm 

Projectiles 

•  CNC  manufactured  (high  dimensional  repeatability) 

•  High  strength  aluminum  alloy  (7075-T651) 

•  4-fin  or  5-fin  projectiles 

High  instrument  density  tube  sections 

•  Placed  where  projectile  would  have  desired  velocity 

•  Used  fin  orientation  sensors 

•  Mostly  pressure  and  magnetic  transducers  (very  few 
experiments  performed  with  luminosity  probes) 


Numerical  Simulation  Method 


Three-dimensional  finite-volume  formulation 

•  Ideal,  calorically  perfect  gas 

•  Non-reacting 

•  Inviscid  (Euler  flow) 

Spatial  accuracy 

•  MUSCL  differencing 

•  2“^-order  accurate  in  regions  of  smooth  flow 

•  l®*-order  accurate  in  regions  of  steep  gradients 

Approximate  Riemann  solver 

•  Riemann  solver  used  to  get  fluxes  at  cell  interfaces 

•  Approximate  Riemaim  solver  of  Harten,  Lax,  and  van 
Leer(HLL) 

•  Non-dissipative,  resolves  discontinuities  well 

Explicit  time  integration  to  steady-state 

•  Local  time  stepping  (not  time  accurate) 

•  Residual  smoothing  (increased  CFL  numbers) 


Subdetonative  HITS  Pressure  Profiles 
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Line  Plots  of  Calculated  Tube  Wall  Pressure 
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Non-ideal  3-D  Projectile  Flow  Field 


Combustion  phenomena 

•  Pressure  variations  in  flow  field  behind  projectile 

•  Shock  induced  combustion  in  diffuser 

Projectile  canting 

•  Experimental  evidence 

•  Estimation  of  position  of  the  projectile  in  the  tube 

Numerical  simulations 

•  Confirmation  of  estimated  projectile  position 

•  Simulations  of  canted  projectiles  with  fins 

High  Mach  number  unstarts 

•  Experimental  data  and  numerical  simulations  of  others 

•  Link  to  canting 


Canted  Projectile 

Subdetonative  Regime 
1560  m/s  (Mach  4.3) 
2.7CH4+2O2+5.8N2 
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Computed  and  Experimental 
Pressure  Distribution 
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Line  Plots  of  Calculated  Tube  Wall  Pressure 
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Summary 


Projectile  flow  field 

•  Flow  field  is  highly  3-D  in  nature  due  to  fins 

•  Presence  of  fins  significantly  affect  performance 

•  Fins  need  to  be  taken  into  account  to  accurately  model 
performance  (#  of  fins  as  well  as  their  geometry) 

ComtMistion  phenomena 

•  Pressure  variations  exist  and  are  not  probe  artifacts 

•  Shock  induced  combustion  in  diffuser  has  been  observed 
at  high  Mach  numbers  and  qualitatively  correlated  with 
numerical  simulations  of  others 

•  Pressure  imbalances  between  channels  exist 

Projectile  canting 

•  Experimentally  and  numerically  confirmed 

•  Strongly  linked  to  high  Mach  number  unstarts 

•  Significant  problem 

•  Fin  erosion/deformation  is  significant 

High  Mach  number  unstarts 

•  Experimental  data  and  numerical  simulations  of  others 

•  Linked  to  canting 


PRESSURE  DISTRIBUTIONS  ON  RAM-ACCELERATOR  PROJECTILES 
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Laboratory  for  Computational  Physics 
Naval  Research  Laboratory,  Washington,  DC  20375 


In  the  ram  accelerator,  the  pressure  distribution  on  the  projectile  is  a  crucial  el¬ 
ement  in  the  projectile  acceleration  and  stabihty.  In  this  work,  we  use  time-accurate 
simulations  to  study  the  pressure  distribution  on  the  ram- accelerator  projectile.  The 
pressure  on  the  inner  wall  of  the  ram-accelerator  tube  has  been  routinely  measured 
in  experiments.  However,  the  pressme  distribution  on  the  projectile  is  difficult  to 
obtain  from  experiments.  The  numerical  simulations  can  be  used  to  provide  the 
needed  pressmre  information  on  the  projectile  to  complement  the  experiments. 

In  this  presentation,  the  following  results  related  to  the  pressure  distribution 
on  the  projectile  are  shown.  (l)Pressure  distributions  on  a  ram-accelerator  projec¬ 
tile  from  the  simulations  of  two  different  resolutions:  The  results  show  that  nearly 
identical  pressmre  distributions  from  two  simulations.  (2)  A  pressure  trace  on  the 
wall  of  the  launch  tube  from  a  simulation:  This  pressure  trace  is  compared  to  the 
experimental  data  and  shows  similar  major  features  such  as  the  reflected  shocks 
and  the  normal  shock  generated  by  the  thermally  choked  combustion.  (3)  Stability 
analysis  of  the  projectile  based  on  pressure  distributions  obtained  from  the  simu¬ 
lations:  The  analysis  show  the  normal  shock  generated  by  the  thermally  choked 
combustion  plays  a  crucial  role  in  projectile  stability.  When  the  center  of  projectile 
mass  is  in  the  meddle  of  the  projectile,  the  projectile  is  stable  if  the  normal  shock 
is  maintained  on  the  rear  of  projectile.  The  projectile  is  imstable  if  this  normal 
shock  is  absent.  (4)Pressure  profiles  on  projectiles  in  ram  accelerator  operating  in 
the  oblique  detonation  mode:  The  results  show  detailed  detonation  structures  on 
projectile.  The  detonation  can  be  stabilized  during  acceleration  and  generate  high 
pressmres  on  the  rear  part  of  projectile  body. 


Pressure  Distributions  on 
Ram-Accelerator  Projectiles 


Li,  Chiping  and  ©t.al.  LCP&FD  /  NRL  li@lcp.nrl.navy.mil 


in  Ram-Accelerator  Development 
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-  acceleration  and  stability 
--  three-dimensionai  effects  on  combustion 

Li,  Chiping  and  et.al.  LCP&FD  /  NRL  li@lcp.nrl.navy.mil 


Research  Approach: 

-*  Using  the  numerical  simulation  to  study  basic  issues  in 
ram  accelerators  operating  in  the  thermally  choked  mode 
and  the  oblique  detonation  mode. 
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-  Projectile  stability  and  canting 

-  Detonation  structure  on  the  projectile 


Pressure  Distributions  on  the  Projectile  from 
Simulations  of  Two  different  Resolutions 
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Pressure  Trace  on  the  Wail 

Simulation 
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Projectile  Stability  and  Canting 
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centered  projectile 
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rotated  projectile 
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Torque  on  the  Projectile  with  the  Normal  Shock 
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Summary 

of  the  Projectile-Stability  Study 
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Detonation  Structure  on  the  Projectile 
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Summary 

of  the  Detonation-Structure  Study 


O  5?  W 
9  3  2  W 

M-  ,  (/) 

to2  = 

=  "  o  C 
3§si 
£.1?® 


o  o 


w  . 

■o  _  >  (0  (0 
a).£  O'®  £ 
■Sx5  5=  5>  3 

o  c  o  E  o 

c  «  3 

5  (0-^  (0^ 
£  c)  (0 

a*-  ®£  C 
■°2c®-2 
«  0-0  n  g 

illil 

3  ©TJ  3_ 

^  It:  ^ 

0)0  © 


w  c 
c  ©  o  C'T 
,0  C  5-  O  0) 
■Jh  .2  ^‘-5  o) 

o  oiz  o  > 

©*5  c  ©  - 

O  S.  o  “U  .£ 


o 

c  '-E 
o  g 

=  1  O 

il^ 

.£  ®-o 

a'°S 

“5tj 

§-o.E 

O  r-  I 

row  g, 

ajjc-a 
_  o  ® 

w  w 

ll!! 

Cow 
”  ®£ 
wro  — 

£22 

<2  w 
®ro=i 
II  ®.£ 

S£« 

4-»  jr;  ^ 
©  ^  <i) 
> 

o> 

Q.-O.SS 

££  ffi 

©  ©  t: 

S  o5 
©  o  ^ 

S  S 

u.  ©  © 


> 

£-■0^ 
O  £-0 

tn 

©2  © 

■- o.« 

o^g- 

‘■3  ©  C 

®-n  O 

■i®“ 

c 

■“  ©  ■3 
© 

£  2  u 

to  "O  “ 
®  =  £ 

II  g" 

S  w.i2 

73  © 
^  ©  3 

C  ©  3 
©±2 


©  Q 

^  © 
©  © 
>■3 
©  C 
^  © 

X  © 


c  © 

©  o 


©  0 

|s; 

o£ 


© 

> 

o 

■Q  *• 
©  © 


B 

T3  <Q 

©  J. 

©  5 

©  p 

.Q  3 

>-  S5 
©  9 

Q..O 

©  E 

“■o 

<o 


Li,  Chiping  and  6t.al.  LCP&FD  /  NRL  li@lcp.nrl.navy.nriil 


.E  (0  o 

W  JO 

c  “  S  r 

E  O  vl’D'*- 

o  o  a.c  0) 

®-S  W  =  f 

©  .2  ^  ’i  « 

a,pS  2>  >,o 

^  ^  ©  R  'n 

«~.c  “-5  => 
w  S  E 

©■gc”w~ 

5-S  o  «  <D  ® 

8 “ «  ©B  « 

.Sil,^  XJ  o  o  c 

O  C  C  o  ©  o 
Q.  ”  S  tt'o  « 

^  ^  C  ff 

o  o  O)  <5  Y 

®  o  *®  2  ® 

2  O* 

W  ©Bm-  c  ? 
■=5  =  O  O.E 
5  o  ^  w 

E  ®  *;  ®  ©  3 
o  'o'  §  £  .5>-o 
c  a«  ®  «:2 

H  £  i:  h-  .E  c? 


c2^ 

o 

o52  o 

^  T3  x: 

•2  ®  2 

®  ©  *- 

o  2^ 

5! «  £ 

^  (/)  <D 

<5  g:t ' 
0) 


^  O)  0 

(/)’£> 

o  o 

>£  o 

2 

Q-2  0 
c  5  = 
.2  G>  o 

^sg.a 

i*”! 

4^^  CL 

■Sc  <!>■ 

^  <0  f 


0  - 
3  C 

cr.2> 

=  c 

■S  ^ 

0£ 

^8 

H  E 


© 

!  B  m 

:  2i 

i®.E| 

:  D  <0  X 

;.?E  o 

iS2« 

Ot,  0) 

■C  s  S 

0.N£ 

£  !d  ^ 
>00 
1-  T3 
.O  C 
XJ-o  □ 

3  <0^ 

c  -oE 

o  0  J3 

S«2 
■R®  "-d 
o  =2.2 

U  ®B'C 
.^Wo  3 

®  .2,^ 

S  lu  O 

-  2 
(D  (0 

>  u  ©  o 

f  ■*■» 


0  <0 
S-C  c 
■S-^.2 

0  >  2 
^jr  O  ^ 
0.Z  0 

os:  a 
coo 
(0  (0  *0 


H  «) 

^  o 
0  0 

o  = 

=■« 
0)  (G 


Li,  Chiping  3nd  Gt.al.  LCP&FD  /  NRL  li@lcp.nrl.navy.mil 


FUNDAMENTAL  STUDIES  OF  HYPERSONIC  COMBUSTION  WAVES 

FOR  RAM  ACCELERATORS 


T.  Endo,  J.  E.  Leblanc,  J.  Kasahara  and  T.  Fujiwara 
Nagoya  University, 

Chikusa-ku,  Nagoya  464-01,  Japan 


ABSTRACT 

Two-dimensional  hypersonic  shock-induced  combustion  waves  were 
numerically  investigated  using  an  elementary-reaction  model.  The  stoichiometric 
hydrogen-air  mixture  impinged  on  blunt-nosed  flat  plates.  Varied  as  parameters 
were  the  inflow  Mach  number  (Afo=4.91-9.82)  and  the  nose  radius  (/?=1-16 
[mm]).  In  this  parameter  region,  four  modes  of  combustion  were  observed.  It 
has  been  found  that  oblique  detonation  waves  ignite  only  for  nose  radii  larger  than 
a  critical  one.  By  analyses  using  detonation  polars,  it  has  been  shown  that  the 
combustion  waves  are  significantly  in  non-equilibrium.  And  also,  it  has  been 
shown  that  the  oblique  detonation  waves  close  to  the  border  between  the  weak  and 
strong  ones  are  unstable  against  disturbances.  The  obtained  critical  (minimum) 
nose  radius  for  the  oblique-detonation  ignition  is  explainable  with  an  analytical 
T>( velocity)- ir( curvature)  relation  of  expanding  detonation  waves. 


INTRODUCTION 

Hypersonic  shock-induced  combustion  waves  have  been  attractive  for  many 
years.  They  are  not  only  interesting  in  themselves  but  also  important  fundamental 
issues  for  hypersonic  propulsion  applications.  The  well-known  applications  are 
the  ram  accelerator  and  the  oblique  detonation  wave  engine.^  Especially,  the 
advent  of  the  ram-accelerator  concept  renewed  interests  in  hypersonic  combustidn 
waves. ^  Hypersonic  shock-induced  combustion  waves  play  important  roles  in  the 
ram  accelerator.  Therefore,  it  is  indispensable  for  stable  accelerator  operations  to 
understand  well  the  properties  of  the  combustion  waves  in  the  ram  accelerator. 
The  influential  fundamental  issues  on  hypersonic  combustion  waves  are 
conditions  for  ignition  and  steady  solutions,  and  stability  of  steady  solutions.  In 
the  hypersonic  propulsion  applications,  the  ambient  conditions  are  often 
complicated.  Hence,  necessary  are  investigations  of  hypersonic  combustion 
waves  not  only  in  the  practical  devices  but  also  in  simpler  geometries.^  From 
such  points  of  view,  we  have  been  doing  fundamental  studies  of  hypersonic 
combustion  waves  especially  in  simplified  geometries. 

In  this  paper,  we  present  numerical  results  on  combustion  in  hypersonic 
reactive  flows  impinging  on  projectiles.  The  geometry  we  treated  was  mainly 
Cartesian  two-dimensional.  The  projectiles  were  blunt-nosed  flat  plates.  The 
reactive  gas  was  the  stoichiometric  hydrogen-air  mixture.  The  inflow  Mach 
number  of  the  reactive  gas  (Mq)  and  nose  radius  of  the  projectile  (/?)  were  varied 
as  parameters.  The  parameter  region  we  investigated  was  that  Mq=4.91-9.82  and 


/?=1-16  [mm].  The  flowfield  was  calculated  using  Euler  conservation  equations 
including  chemical  reactions.  The  hydrodynamic  conservation  equations  were 
solved  by  an  explicit  upwind  TVD  algorithm.  The  chemical  reactions  were  treated 
by  an  elementary-reaction  model,  where  the  reaction  rates  were  implicitly 
integrated. 

In  the  numerical  experiments,  the  following  four  combustion  modes  were 
observed;  (1)  stable  combustion  in  the  vicinity  of  the  nose,  which  was  decoupled 
with  the  bow  shock  wave,  (2)  stable  combustion  which  was  partially  coupled  with 
the  bow  shock  wave  only  in  the  vicinity  of  the  nose,  (3)  stable  combustion  which 
was  entirely  coupled  with  the  bow  shock  wave,  and  (4)  unstable  combustion 
which  was  entirely  coupled  with  the  bow  shock  wave.  It  has  been  shown  by  the 
numerical  experiments  that  a  minimum  nose  radius  for  the  oblique-detonation 
ignition  exists.  Analyses  were  focused  on  thermodynamic  properties  of  the 
reactive  gas,  stability  of  the  oblique  detonation  waves,  and  conditions  for  the 
oblique-detonation  ignition.  They  were  discussed  using  detonation  polars  and  an 
analytical  solution  of  expanding  detonation  waves.  In  the  following,  the 
numerical  model  and  the  arrangement  of  the  numerical  experiments  are  described 
in  the  beginning.  After  that,  we  give  an  overview  of  the  numerical  results.  And 
then,  the  details  of  the  numerical  results  are  discussed  using  detonation  polars  and 
an  analytical  D( velocity)- xC curvature)  relation  of  expanding  detonation  waves. 

NUMERICAL  MODEL 

The  simulation  code  we  used  was  developed  by  Matsuo^  and  extended  by 
Lefebvre.^  Details  of  the  simulation  code  have  been  described  in  Ref.  4.  The 
governing  equations  were  the  Euler  conservation  equations,  including  chemical- 
reaction  source  terms,  in  a  time-invariant  general  coordinate  frame.  We  used  the 
equations  of  state  for  a  thermally  perfect  gas,  but  for  a  calorically  imperfect  gas, 
namely,  the  specific  heat  was  a  function  of  temperature.  The  internal  energy 
consisted  of  internal  energy  of  formation  and  sensible  internal  energy.  The  heat 
release  was  dealt  with  integrating  a  detailed  set  of  chemical  reaction  rates.  The 
set  of  chemical  reactions  and  rate  constants  was  the  one  developed  by  Wilson  and 
MacCormack  and  modified  by  Jachimowski.  However,  the  code  we  used  did  not 
take  into  account  the  species  from  the  reactions  of  nitrogen.  We  treated  8  reactive 
species  and  their  19  reactions,  which  are  shown  in  Table  I.  The  hydrogen-oxygen 
kinetic  mechanism  we  used  has  been  tested  and  compared  with  experimental  data.^ 

For  the  integration  of  the  fluid- dynamics  conservation  equations,  we  used  a 
second-order  accurate  in  both  time  and  space  explicit  upwind  TVD  algorithm 
adopting  flux  extrapolation  and  Roe' s  averaging  method.  The  stiff  chemical 
source  terms  were  implicitly  integrated  using  a  splitting  technique. 

ARRANGEMENT  OF  THE  NUMERICAL  EXPERIMENTS 

Figure  1  shows  the  arrangement  of  the  numerical  experiments  we  carried 
out.  The  right  boundary  imposed  the  permanent  inflow  conditions  which  gave  the 
pressure  Pq,  temperature  Tq,  gas-mixture  ratio  (molar  ratio  is  shown  in  Fig.  1), 
and  velocity  Uq.  At  the  inflow  conditions  shown  in  Fig.  1,  the  Chapman- Jouguet 


Table  I.  Chemical  reactions  included  in  the  simulation  code. 


No  Chemical  Reaction 


(l) 

^2  +  ^2 

HO2  +  H 

(2) 

H+02 

OH  +0 

(3) 

0+H2 

OH  +H 

(4) 

OH+H2 

H  +H2O 

(5) 

OH+OH 

0  +H2O 

(6) 

H+OH 

H2O 

(7) 

H+H 

H2 

(8) 

H+O 

OH 

(9) 

H+02 

HO2 

(10) 

0+0 

(11) 

Ii02'^  H 

OH  +OH 

(12) 

HO2  +  H 

H2O  +0 

(13) 

HO2  +  O 

O2  +OH 

(14) 

HO 2  + OH 

H2O  +  (?2 

(15) 

HO2+HO2 

H:P2  +02 

(16) 

H+H2O2 

H2  +HO2 

(17) 

0  +  H2O2 

OH  +HO2 

(18) 

OH+H2O2 

H/)  +  HO2 

(19) 

H2P2 

OH  +OH 

detonation  velocity  (£>c.j)  is  Dc.j=1980  [m/s].  The  upper  and  left  boundaries 
were  treated  as  the  outflow  condition.  The  outflow  condition  was  characterized 
by  equal  physical  quantities  through  one  guard  cell.  The  projectile  surface  was 
characterized  by  a  slip  and  adiabatic  condition.  The  projectiles  were  blunt-nosed 
flat  plates,  that  is,  the  geometry  was  Cartesian  two-dimensional.  As  parameters, 
we  varied  the  inflow  velocity  Uq,  identical  to  the  inflow  Mach  number  Mq,  and 
the  nose  radius  R.  The  parameter  region  was  that  17q=2000-4000  [m/s] 
(Mo=4.91-9.82)  and  R=l-16  [mm]. 

The  general  coordinate  system  |  -rj  was  so  that  |  and  q  coordinates  were 
along  and  normal  to  the  projectile  surface,  respectively.  All  the  calculations  but 
[mm]  cases  were  carried  out  on  90x90  grids  in  ^  and  ij  directions.  The 
calculations  for  /f=16  [mm]  cases  were  carried  out  on  120x180  or  180x180  grids. 

OVERVIEW  OF  THE  RESULTS 

Figure  2  shows  an  overview  of  the  simulation  results  in  ?7q(A/q)-/?  plane. 
In  the  parameter  region  we  investigated,  four  modes  of  combustion  were 
observed.  We  call  them  hereafter  (1)  decoupled,  (2)  partially-coupled,  (3) 
entirely-coupled  (stable),  and  (4)  entirely-coupled  (unstable)  combustions. 
Figure  3  shows  examples  of  the  flowfields  of  the  decoupled,  partially-coupled, 
and  entirely-coupled  (stable)  combustions,  which  are  all  numerically-converged 
flowfields. 


As  shown  in  Fig.  3(a),  the  decoupled  combustion  is  such  that  the 
combustion  occurs  only  on  the  surface  of  the  projectile  nose.  This  case 
corresponds  to  that  the  bow  shock  wave  is  too  weak  to  initiate  the  combustion. 
Figure  3(b)  shows  a  partially-coupled  combustion.  This  case  is  such  that  the 
combustion  is  coupled  with  the  bow  shock  wave  only  in  the  vicinity  of  the  nose. 
As  shown  in  Fig.  2,  it  is  remarkable  that  the  combustions  are  still  partially- 
coupled  even  if  the  highest-Mach-number  cases  when  /?<4  [mm].  Figure  3(c) 
shows  an  entirely-coupled  (stable)  combustion.  This  mode  is  such  that  the 
combustion  is  coupled  with  the  bow  shock  wave  in  the  entire  region,  and  in 


1  2  4  8  16 


Nose  Radius  [mm] 

Fig.  2  Overview  of  the  results  of  the  numerical  experiments.  Four  modes  of  the 
combustion  were  observed.  The  meanings  of  the  symbols  are  thatA:  Decoupled, 

□:  Partially  coupled,  •:  Entirely  coupled  (Stable),  <§):  Entirely  coupled  (Unstable). 


0.0x10°°  5.0x10°° 

HgO  Production  Rate  [kg/Cm^-s]  |  ■ 

Isocontour:  Pressure  (every  3x1 0^  [Pa]) 

(a)  Decoupled:  R=i  [mm],  (yQ=:2000  [m/s]  (Mq=4.91) 


(b)  Partially  Coupled:  #fc4  [mm],  (/g=:2000  [m/s]  (Mq=4.91) 


(c)  Entirely  Coupled  (Stable):  /fc8  [mm],  1/^=2000  [m/s]  (iVfQ=4.91) 


Fig.  3  Examples  of  the  flowfields.  (a)  Decoupled  combustion. 

(b)  Partially-coupled  combustion,  (c)  Entirely-coupled  (stable)  combustion. 


steady  state.  By  coupling  between  the  combustion  and  the  bow  shock  wave,  the 
straight-shape  oblique  detonation  wave  is  generated.  As  shown  in  Fig.  2, 
entirely-coupled  combustions  were  observed  at  all  investigated  Mach  numbers 
when  R^8  [mm].  Directly  from  the  results  of  the  numerical  experiments  shown  in 
Fig.  2,  it  is  concluded  that  a  minimum  nose  radius  for  the  generation  of  the 
entirely-coupled  combustions  exists. 

About  the  entirely-coupled  (unstable)  combustion,  development  of  the 
flowfield  is  shown  in  Fig.  4.  Figure  4(a)  shows  the  flowfield  at  the  time  when 
the  residual  is  minimum.  This  flowfield  is  very  similar  to  that  of  the  entirely- 
coupled  (stable)  combustion  shown  in  Fig.  3(c).  It  is  noteworthy  that  the 
breakdown  of  the  flowfield  shown  in  Fig.  4(a)  is  initiated  at  the  left  boundary 
which  is  characterized  by  the  outflow  condition.  This  is  physically  strange. 
Since  the  outflow  condition  was  given  by  the  0-th-order  extrapolation,  the  left  and 
upper  boundaries  could  be  sources  of  small  disturbances.  Therefore  this  observed 
unsteadiness  may  not  be  intrinsic  but  be  due  to  disturbance  growth  of  the  oblique 
detonation  wave. 

ANALYSES  WITH  DETONATION  POLARS 

As  shown  in  Fig.  3(c),  the  entirely-coupled  (stable)  combustion  clearly 
includes  a  straight-shape  steady-state  oblique  detonation  wave.  For 
understanding  properties  of  the  observed  combustion  waves,  comparison  of  the 
simulation  results  with  Rankine-Hugoniot  relations  is  of  great  value.  Rankine- 
Hugoniot  relations  for  a  straight-shape  steady-state  oblique  detonation  wave  are 
obtained  from  the  two-dimensional  steady-state  reactive  Euler  equations.^  In  the 
geometrical  arrangement  shown  in  Fig.  1,  an  expansion  wave  exists  attaching 
down  the  oblique  detonation  wave.  Hence  we  first  have  to  define  the  end  surface 
of  the  detonation  wave.  Figure  5  shows  a  magnified  flowfield  around  the 
straight-shape  steady-state  oblique  detonation  wave.  By  comparison  between 
Figs.  5(a)  and  5(b),  it  is  found  that  positions  at  which  strong  chemical  reaction 
ends  are  almost  identical  with  those  at  which  pressure  is  maximum.  At  such 
positions,  the  flow  was  found  to  be  supersonic  in  the  simulation  results. 
Considering  a  Rayleigh  flow,  pressure  increases  when  a  supersonic  flow  is 
heated.  On  the  other  hand,  pressure  decreases  in  an  expansion  wave  attaching 
down  the  oblique  detonation  wave.  Therefore,  we  can  reasonably  define  the  end 
surface  of  the  detonation  wave  as  a  surface  on  which  pressure  is  maximum. 

The  /5(shock-wave  angle)- ©(deflection  angle)  detonation  polar  is  written  as 
follows. 


[d  -  E  -  0/ 

-  £ 

\y^  -  H 

- - ^ 

1 

-1- 

■i)/i 

:/-i) 

{C+2s  +y  -  l)y^  +{2e  +y  +1) 

where 


Projectile  ^  (nf') 


Fig.  4  Development  of  the  flowfield  for  the  entirely-coupled  (unstable)  case;  /?=16  [mm] 
and  Uq=2000  [m/s]  (Mq=4.91).  Relative  time  (At)  is  defined  so  that  4/=0  corresponds  to  the 
minimum  residual. 


jc  =  tan0,  y=tan/?,  e  = - 7 

Mo 


y  -1  » 

C  =  2e - qk,  ^  =  > 

y  ^o/Po 


A/q  is  the  inflow  Mach  number,  y  is  the  specific  heat  ratio,  k  is  the  common 
reaction  progress  variable  (A=0  before  reaction  and  A=1  after  complete  reaction), 
is  the  heat  of  reaction  (released  energy  per  unit  mass  of  the  mixture  gas  in  the 
case  of  complete  reaction,  that  is,  A=l),  Pq  ^he  inflow  pressure,  and  Pq  is  the 
inflow  mass  density. 


(a)  1.013x10'” 

Pressure  [Pa] 

Isocontour:  Pressure  (every  4x1  O'*  [Pa]) 
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HjO  Production  Rate  [kg/(m®*s)] 
isocontour:  Pressure  (every  4x10^  [Pa]) 
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Rg.  5  Magnified  plots  of  the  flowfield  around  the  steady  oblique  detonation 
wave;  P=8  [mm],  t/Q=2000  [m/s]  (AfQ=4.91).  (a)  Pressure,  (b)  H2O  production  rate. 


Figure  6  shows  the  fi-O  detonation  polars  for  AfQ=4.91,  7.37  and  9.82,  and 
for  A=0,  0.18  and  0.36.  The  detonation  polars  for  A=0  correspond  to  the  inert- 
shock  polars.  In  the  calculation  of  the  detonation  polars,  we  used  y  =  1.4.  As 
shown  in  Fig.  6,  all  the  simulation  results  are  almost  on  the  detonation  polars  for 
A=0. 18  and  correspond  to  the  weak  overdriven  oblique  detonation  waves. ^  For 
plotting  the  simulation  results  in  Fig.  6,  we  determined  /5  and  d  of  them  as 
follows.  The  shock-wave  angle  /5  was  determined  by  tracing  positions  at  which 
pressure  was  a  half  of  the  maximum  pressure  of  the  detonation  wave.  The 
deflection  angle  6  was  determined  by  the  velocity  ratio  between  parallel  and 
perpendicular  to  the  inflow  velocity  at  the  end  surface  of  the  detonation  wave. 
For  the  entirely-coupled  (unstable)  combustion  which  was  observed  at  Mq=4.91 
and  R=16  [mm],  we  determined  /S  and  6  from  the  flowfield  at  the  time  of 
minimum  residual  which  was  shown  in  Fig.  4(a). 

The  common  reaction  progress  variable  A  is  to  be  directly  derived  from  the 
simulation  results.  The  mass  fraction  of  H2O,  F(H20),  can  be  known  at  arbitrary 
positions  in  the  simulation  results.  Since  F(H20)  should  be  y(H2O)=0  when  A=0 
and  r(H2O)=0.255  when  A=1  in  the  conditions  shown  in  Fig.  1,  A  is  to  be 
calculated  by  A(H2O)=y(H2O)/0.255  at  arbitrary  positions.  It  was  found  by  the 
simulation  results  that  A(H2O)=0.619±0.034  at  the  end  surface  of  the  detonation 
wave.  This  is  significantly  larger  than  A=0. 18  which  was  derived  from  the 
comparison  shown  in  Fig.  6.  Assuming  the  one-step  reaction,  A  is  to  be  derived 
by  another  way.  Since  the  mass  fraction  of  H2,  y(H2),  should  be  y(H2)=0.0283 
when  A=0  and  y(H2)=0  when  A=1  in  the  conditions  shown  in  Fig.  1,  A  is  to  be 
calculated  by  A(H2)=l-y(H2)/0.0283  at  arbitrary  positions.  It  was  found  by  the 
simulation  results  that  A(H2)=0.780±0.027  at  the  end  surface  of  the  detonation 
wave.  This  disagrees  with  both  A(H20)=0.619±0. 034  derived  from  y(H20)  and 
A=0. 18  derived  from  the  fi-d  detonation  polars.  Because  the  simulation  code  we 
used  adopted  an  elementary-reaction  model  for  H2-O2  combustion,  the  fact  that 
A(H2)>A(H20)  stands  for  that  the  reactive  gas  contains  a  considerable  amount  of 
activated  complex.  About  16%  of  the  whole  hydrogen  atoms  are  included  in  the 
activated  complex  at  the  end  surface  of  the  detonation  wave.  Formation  of 
activated  complex  is  endothermic.  Therefore,  the  effective  common  reaction 
progress  variable  A,  which  is  proportionally  related  to  the  net  released  energy  and 
is  derived  from  detonation  polars,  should  be  smaller  than  both  A(H20)  and  A(H2)* 

We  discuss  the  stability  of  oblique  detonation  waves  using  a  detonation 
polar  assuming  quasi-steady  state.  As  described  above,  the  entirely-coupled 
(unstable)  combustion  may  be  due  to  growth  of  small-disturbances  whose  source 
is  a  boundary  of  the  computer  simulation.  Figure  7  shows  a  P(pressure)- 
0(deflection  angle)  detonation  polar  for  Mq=4.91  and  A=0. 18.  An  oblique 
detonation  wave,  at  the  end  surface  of  which  the  flow  is  subsonic,  is  called  a 
strong  oblique  detonation  wave.  On  the  other  hand,  when  supersonic,  it  is  called 
a  weak  one.  About  the  entirely-coupled  combustions  in  the  simulation  results,  the 
flow  at  the  end  surface  of  the  oblique  detonation  wave  was  unambiguously 
supersonic  except  for  the  case  of  the  unstable  combustion,  namely,  the  case  of 
Mq=4.91  and  /?=16  [mm].  Only  in  the  case  of  Mq=4.91  and  R=16  [mm],  the  flow 
at  the  end  surface  of  the  oblique  detonation  wave  was  almost  sonic  (the  Mach 
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Fig.  6  Comparison  between  the  simulation  results  and  the  detonation  polars. 


number  was  1.04  in  the  simulation  result). 

Let  AP  stand  for  the  small  pressure  disturbance  at  a  position  on  the  end 
surface  of  the  detonation  wave.  And  let  40  stand  for  the  small  deflection-angle 
disturbance  induced  by  the  pressure  disturbance  AP.  The  source  of  the 
disturbance  is  the  left  or  upper  boundary  as  stated  above.  Therefore  in  the 
geometrical  situation  shown  in  Fig.  1,  it  is  enough  to  discuss  the  influence  of  the 
pressure  disturbance  AP  on  the  region  between  the  projectile  and  the  stream  line 
which  passes  through  the  position  of  AP.  If  the  flow  at  the  end  surface  of  the 
detonation  wave  is  unambiguously  supersonic,  there  is  no  influence.  If  the  flow 
at  the  end  surface  of  the  detonation  wave  is  subsonic,  there  are  some  influences. 
In  the  case  that  the  flow  at  the  end  surface  of  the  detonation  wave  is  supersonic 
but  almost  sonic,  there  are  some  influences  if  the  pressure  disturbance  AP  is  so 
large  that  the  flow  is  forced  to  be  subsonic. 

When  the  flow  at  the  end  surface  of  the  detonation  wave  is  subsonic, 
A6IAP<0  because  dPldd<0  as  is  shown  in  Fig.  7.  Therefore,  Ad<0  if  AP>0,  and 
Ad>0  if  AP<0.  If  AP<0,  the  flow  at  the  end  surface  of  the  detonation  wave, 
which  is  supersonic  but  almost  sonic,  can  not  be  forced  to  be  subsonic  as  is 
shown  in  Fig.  7.  Hence  it  is  enough  to  discuss  the  case  of  AP>0.  Let  A(P^ 
stand  for  the  small  pressure  disturbance  at  a  position  which  is  slightly 
downstream  from  the  position  of  AP.  If  A6<0,  stream  lines,  which  are  slightly 
on  the  projectile  side  of  the  stream  line  which  passes  through  the  position  of  AP, 
converge.  Therefore.  4(Pd)>0  if  A0<O,  that  is,  AiP^)>0  if  AP>0.  When  the  flow 
between  the  positions  of  AiP^)  and  AP  is  subsonic,  weak  pressure  waves 
propagate  from  the  position  of  A{P^  to  the  position  of  AP .  Consequently,  the 


Fig.  7  P  (pressure)-0(deflection  angle)  detonation  polar. 


pressure  disturbance  AP  is  forced  to  become  large.  Namely,  the  pressure 
disturbance  AP  grows  if  the  initial  value  of  AP  is  large  enough  to  force  the  flow 
to  be  subsonic. 

For  further  investigation  of  the  unstable  combustion,  we  carried  out 
calculations  for  the  nose  radius  of  R=16  [mm]  and  the  inflow  Mach  numbers  of 
Mo=6.14,  5.52,  5.22,  5.07,  and  4.99.  When  Afo=6. 14-5.07,  the  entirely-coupled 
(stable)  combustions  were  obtained.  About  the  case  of  Mq=4.99,  the  entirely 
coupled  combustion  was  stable  when  the  oblique  detonation  wave  was  incident  on 
the  left  boundary,  although  unstable  when  the  oblique  detonation  wave  was 
incident  on  the  upper  boundary.  This  is  an  evidence  of  that  the  observed 
unsteadiness  is  not  intrinsic  but  due  to  disturbance  growth  of  the  oblique 
detonation  wave. 

ANALYSIS  OF  THE  IGNITION  CONDITION  WITH  D-k  RELATION 

As  shown  in  Fig.  2,  a  minimum  nose  radius  for  generation  of  the  entirely- 
coupled  combustions  exists.  In  other  words,  an  oblique  detonation  wave  ignites 
when  the  nose  radius  is  larger  than  the  minimum  nose  radius.  Figures  8  and  9 
show  developments  of  the  flowfields  for  the  cases  of  R=8  and  4  [mm], 
respectively,  where  the  inflow  Mach  number  was  Mq=4.91  in  both  cases.  Figures 
8  and  9  correspond  to  the  entirely-coupled  (stable)  and  partially-coupled 
combustions,  respectively.  As  shown  in  Figs.  8  and  9,  the  development  of  the 
flowfield  before  the  numerical  convergence  looks  like  that  of  an  expanding 
detonation  wave  from  the  projectile  nose. 

Recently,  Yao  and  Stewart^  derived  an  explicit  relation  between  the 
detonation-wave  velocity,  D,  and  the  detonation-wave  curvature,  k.  When  the 
derivation,  they  assumed  that  the  detonation  wave  was  quasi-one-dimensional  and 
quasi-stationary.  The  D-k  relation  derived  by  Yao  and  Stewart  is  the  following. 
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where  k  is  the  detonation-wave  curvature,  which  should  be  defined  as  l/Rg  for 
cylindrical  expansion  and  as  2/R^  for  spherical  expansion  in  terms  of  the 
curvature  radius  R^,  D  is  the  detonation- wave  velocity. 
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Rg.  8  Development  of  the  flowfield  for  the  entirely-coupled  (stable)  case; 


R=S  [mm]  and  Uq=2000  [m/s]  (Mq=4.91).  Chemical  reaction  was  turned  on 
at  At=0.  Before  4r=0,  the  flow  was  inert  and  numerically  converged. 
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Rg.  9  Development  of  the  flowfield  for  the  partially-coupled  case; 


R=A  [mm]  and  C/q=2000  [m/s]  (AfQ=4.91).  Chemical  reaction  was  turned 
on  at  At=0.  Before  At=Q,  the  flow  was  inert  and  numerically  converged. 
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t  is  the  scale  length  of  the  induction  zone,  y  is  the  specific  heat  ratio,  D^.j  is  the 
C-J  detonation  velocity,  Pq  and  pQ  are  respectively  the  initial  pressure  and  mass 
density,  and  k  and  E  are  respectively  the  collision-frequency  factor  and  the 
activation  energy  of  the  Arrhenius  equation. 

For  the  calculation  of  the  D-k  relation,  we  use  that  y  =  1.4  and  D^.j=1980 
[m/s]  which  have  already  been  stated.  We  assume  that  Pq  and  Pq  are  the  same  as 
the  inflow  conditions  shown  in  Fig.  1.  About  k  and  P,  it  is  important  that  these 
constants  well  express  the  induction  zone,  because  Yao  and  Stewart  derived  the 
above  formula  by  analyzing  the  induction  zone.  We  use  that  ^=1.88x10^  [s  and 
£=3.90x10^  [J/kgJ.  These  constants  were  determined  by  using  the  constants 
which  were  obtained  for  the  molar  ratio  of  H2:02:Diluent=2:l:7  by  Fujiwara  and 
Reddy^  to  express  well  the  induction  reaction  of  the  Korobeinikov's  two-step 
reaction  model, ^  and  using  the  induction-time  conversion  formula  between 
different  dilutions  obtained  by  Oran  and  Boris. The  calculated  D-k  relation  for 
cylindrical  expanding  detonation  waves  is  shown  in  Fig.  10. 

As  shown  in  Fig.  10,  the  maximum  curvature  for  quasi-stationary 

solutions  exists.  That  is,  there  is  no  quasi-stationary  solution  when  the  curvature 
radius  is  smaller  than  the  minimum  curvature  radius 

means  that  an  expanding  detonation  wave  possibly  becomes  extinguished  when  the 
initial  radius  of  it  is  smaller  than  (Permin'  analogy  between  the  flowfield 

development  shown  in  Figs.  8  and  9  and  a  cylindrical  expanding  detonation  wave, 
the  initial  radius  of  the  corresponding  expanding  detonation  wave  should  be  of  the 
order  of  the  nose  radius.  The  calculated  minimum  curvature  radius  is  (Pc)min“^^ 
[mm]  as  is  shown  in  Fig.  10,  and  the  minimum  nose  radius  for  the  oblique- 
detonation  ignition  is  between  4  and  8  [mm]  as  is  shown  in  Fig.  2.  These  are  in 
considerable  agreement  taking  into  account  that  the  situations  are  not  exactly  the 
same.  Therefore,  we  conclude  that  the  essential  physics  included  in  the  existence 
of  the  minimum  nose  radius  for  the  oblique-detonation  ignition  is  the  decay, 
during  the  induction  time,  of  a  detonation  wave  expanding  from  the  vicinity  of  the 
projectile  nose. 

In  order  to  verify  the  above  conclusion,  we  carried  out  calculations  of  the 
axisymmetric  three-dimensional  cases.  When  the  geometry  becomes  three- 
dimensional,  the  decay  effect  of  the  expanding  detonation  wave  should  be 
emphasized.  On  the  basis  of  the  quasi-one-dimensional  quasi-stationary 
expanding-detonation-wave  theory,  the  minimum  nose  radius  for  the  oblique- 
detonation  ignition  should  become  twice  as  large  as  that  for  the  two-dimensional 


case.  The  simulation  results  are  summarized  in  Fig.  11  and  the  minimum  radius 
became  large  as  was  expected.  Indeed  the  minimum  nose  radius  became  more  than 
twice  as  large  as  that  for  the  two-dimensional  case.  However  taking  into 
consideration  the  difference  of  the  situations,  this  qualitative  agreement  between 
the  numerical  results  and  the  analytical  expectation  is  meaningful. 
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Rg.  10  Z)(velocity)-K(curvature)  relation. 

When  the  curvature  radius  is  there  is  no  quasi-stationary  solution. 


Nose  Radius  [mm] 

Fig.  11  Effect  of  the  geometry  on  the  modes  of  combustion.  The  meanings  of 
die  symbols  are  that  A:  Decoupled,  □:  Partially  coupled,  •:  Entirely  coupled 
(Stable),  Entirely  coupled  (Unstable).  3-D  and  2-D  stand  for  axisymmetric 
three-dimensional  and  Cartesian  two-dimensional  geometries,  respectively. 


CONCLUSION 


We  numerically  investigated  two-dimensional  hypersonic  shock-induced 
combustion  waves  using  an  elementary-reaction  model.  The  stoichiometric 
hydrogen-air  mixture  impinged  on  blunt-nosed  flat  plates.  As  parameters,  we 
varied  the  inflow  Mach  number  (A/q=4.91-9.82)  and  the  nose  radius  (/?=1-16 
[mm]).  In  this  parameter  region,  four  modes  of  combustion  were  observed.  They 
were  (1)  stable  combustion  in  the  vicinity  of  the  nose,  which  was  decoupled  with 
the  bow  shock  wave,  (2)  stable  combustion  which  was  partially  coupled  with  the 
bow  shock  wave  only  in  the  vicinity  of  the  nose,  (3)  stable  combustion  which  was 
entirely  coupled  with  the  bow  shock  wave,  and  (4)  unstable  combustion  which 
was  entirely  coupled  with  the  bow  shock  wave.  The  combustion  modes  (3)  and 
(4)  included  straight-shape  oblique  detonation  waves.  It  has  been  found  that  a 
minimum  nose  radius  for  the  oblique-detonation  ignition  exists.  By  comparison 
of  the  numerical  results  with  detonation  polars,  it  has  been  shown  that  the 
combustion  waves  are  significantly  in  non-equilibrium.  And  it  has  also  been 
shown  that  the  oblique  detonation  waves  close  to  the  border  between  the  weak  and 
strong  ones  are  unstable  against  disturbances.  The  observed  minimum  nose 
radius  for  the  oblique-detonation  ignition  is  explainable  with  an  analytical 
D(velocity)-K'(curvature)  relation  of  cylindrical  expanding  detonation  waves.  The 
interpretation  of  the  minimum  nose  radius  has  been  numerically  supported  by 
comparison  between  the  two-  and  three-dimensional  cases. 
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Abstract 

The  structure  of  the  detonation  wave  aroimd  the  throat  of  a  ram-accelerator  device  is 
investigated  numerically.  The  mixture  studied  is  stoichiometric  hydrogen-oxygen, 
diluted  with  nitrogen,  at  low  initial  pressure  (0.1  bar).  The  projectile  is  a  conical 
forebody  connected  to  a  conoid  afterbody.  The  tube  bore  diameter  is  4.0  cm. 

The  numerical  simulation  is  based  on  the  compressible  Euler  conservation 
equations.  Neither  mass  diffusion  nor  viscosity  effect  have  been  taken  into  account. 
The  code  consists  of  a  shock-capturing,  upwind-TVD  algorithm,  solved  explicitly  to 
second  order  in  time  and  space.  The  chemical  source  terms  are  solved  in^licitely  and 
integrate  a  fiill  set  of  chemical  reaction  rates. 

The  study  focuses  on  flowfields  which  result  in  the  xinstart  phenomenon,  i.e.  the 
phenomenon  whereby  a  normal  detonation  is  disgorged  from  the  throat  (shoulder  of 
the  projectile)  and  outmns  the  projectile.  Unstarts  have  been  observed  experimentally. 
The  exact  reasons  for  failure  by  unstart  are  not  clear  yet  and  the  experimental 
conditions  to  observe  it  are  not  readily  predictable.  The  aim  of  the  work  is  to 
investigate  possible  reasons  causing  the  unstart. 

Simulations  are  performed  for  various  inflow  velocities,  ranging  from  2000  to  3000 
m/s.  We  calculate  first  the  steady  flowfield  of  a  non  reactive  flow;  then,  turning  the 
chemistry  on,  we  analyse  the  combustion  process  occuring  behind  the  shoulder.  For 
certain  inflow  velocities,  chemical  reactions,  stemming  from  a  vortex  behind  the 
shoulder  develop  and  expand.  In  a  limited  range  of  incoming  Mach  numbers,  we  do 
observe  the  unstart  phenomenon:  the  chemical  reaction  does  not  stabilize  behind  the 
shoulder  and  passes  through  the  throat.  As  a  result,  a  very  strong  normal  detonation 
outruns  the  projectile.  Analysis  of  the  flowfields  indicates  the  importance  of  the 
projectile  geometry  near  and  behind  the  shoulder.  Whether  or  not  the  chemical  reaction 
is  going  to  be  disgorged  upstream  seems  to  be  controlled  by  an  expansion  fan 
stemming  from  the  shoulder. 

In  a  second  set  of  simulations,  we  thus  investigate  the  influence  of  the  geometry. 
We  change  the  forecone  angle  and  we  insert  a  finite-lengfli  constant-diameter  section 
between  the  forebody  and  the  afterbody.  Analysis  of  non  reactive  and  reactive 
flowfields  shows  major  influence  of  the  geometry  on  the  flow  characteristics  and  on 
the  combustion  process.  Modification  to  the  projectile  design  causes  or  prevents 
unstart.  Relatively  minor  changes  in  the  shock  stmcture  trigger  unstart.  As  a 
conclusion,  canting  or  translation  of  the  projectile  might  modify  the  shock  stmcture 
near  the  shoulder  to  a  sufficient  extent  and  cause  unstart. 
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Physical  Model 


Mixture: 

Hi  2 
O2  1 

Ni  3-3.76-5 
Inflow  velocity: 

2000  to  3000  m/s 
Initial  pressure 
0.1  bar 

Initial  temperature 
298  K 


Tip  radius: 

1.5  -  2.0  -  2.5  mm 
Cone  half  angle: 

20  -  15  -  10  degrees 
Aft  angle: 

5  -  7.5  -  10  degrees 
Tube  diameter: 

4.0  cm 

Projectile  diameter: 

3.2  cm 
Isolator: 

none  - 1.0  cm 
Total  projectile  length: 
8.0  cm 
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Equations  and  Numerical  Method 


Fluid  dynamics:  Euler  equations,  Axisymmetric 


at 


an 


H  +  S 


Chemistry 

Full  set  of  chemical  reaction  rates;  Arrhenius  type; 
C.J.  Jachimowski’mechanism  (19  reactions). 


Ideal  gases 

Numerical  approach 

Conservation  eqs.: 

explicit,  2d  order  in  time  and  space,  upwind  TVD  scheme. 
Roe’s  averaging  method. 

Chemistry  term: 

Implicit  scheme. 

Computational  parameters: 

Stability:  CFL  =  0.5 

Convergence:  residual  <  exp(-05)  or  exp(-06) 


Boundary  conditions 
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LOCATION  OF  REACTION  ZONE 


NO  UNSTART 


◄ -  2200  m/s 


UNSTART 


<4 -  2500  m/s 


Po  =  0.1  bar 
To  =  298  K 
H2/02/N2  =  2/1/3 
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Pressure  on  the  Wall  —  Unstart 


Ramac  II 
July  17-20, 1995 


NON  REACTIVE  FLOW 

(Pressure  field) 


Po  =  0.1  bar 
To  =  298  K 

H2/02/N2  =  2/1/3 
Inflow  vel.  =  2500  m/s 


10132 


Ramac  H 
July  17-20, 1995 


NON  REACTIVE  FLOW 

(Pressure  field) 

Po  =  0.1  bar 
To  =  298  K 

H2/02/N2  =  2/1/3 
Inflow  vel.  =  2500  m/s 


298 


Ramac  II 
July  17-20, 1995 


Po  =  0.1  bar 
To  =  298  K 


Inflow  vel.  =  2500  m/s 
Cone  angle  =  20  deg. 
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Discussion 


•  No  chemical  reaction  along  the  streamlines. 

•  Chemical  reaction  stems  from  a  vortex  zone  behind 
the  shoulder. 

•  Scanning  freestream  velocities: 

Slight  heat  release  behind  the  reflected  shocks. 
Stabilized  reaction  close  to  the  shoulder. 
Outrunning  detonation. 

Oblique  detonation  induced  by  the  tip. 

•  Isolator  causes  unstart  to  occur  sooner. 

•  Larger  aft  angle  prevents  unstart. 

•  Similar  qualitative  behavior  for  various  tip  radii 
and  forebody  angles. 


Ramac  H 
July  17-20, 1995 
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ABSTRACT 

In  a  ram  accelerator  a  sharp-nosed-body  flies  at  supersonic  velocity  through  a  tube  initially 
filled  with  a  highly  compressed  combustible  gas  mixture.  By  shock  compression,  i.e.,  bow  wave 
and  its  reflections  at  the  tube  wall,  the  gas  mixture  is  heated  progressively  so  that  it  becomes 
ignited  in  subdetonative  combustion  mode  at  the  body's  back  and  in  superdetonative  mode  in  the 
slit  between  the  projectile  surface  and  the  tube  wall  giving  a  forward  thrust  to  the  ram-projectile. 
Due  to  the  transfer  of  heat  from  gas  to  projectile,  the  latter's  surface  temperature  increases  on  the 
one  hand  in  the  nose  region  (no  ignition  desired)  and  on  the  other  hand  at  the  body  contour  with 
ignition  in  superdetonative  combustion  mode.  This  temperature  rise  can  lead  to  melting  processes 
at  the  nose  and  the  body  region.  Then  ablation  of  surface  material  begins  which  is  naturally 
undesirable  not  only  at  the  sharp  nose  but  also  at  the  fins  and  the  body  of  the  ram  projectile, 
especially  when  combustion  is  localized  at  the  body  of  the  projectile  in  superdetonative  mode.  The 
control  of  the  heating  at  the  nose  and  the  body  is  necessary  for  successful  ram  accelerator 
operation,  therefore  a  prediction  of  the  heat  flux  becomes  needful.  For  this  reason  a  boundary 
layer  and  ablation  model  has  been  developed  by  which  the  heating  of  the  projectile  and  its 
ablation  at  nose,  fins  and  body  can  be  estimated  for  an  optimal  choice  of  projectile  material  at  a 
desired  velocity  range. 


INTRODUCTION 

For  vehicle  acceleration  to  super  speeds,  several  possibilities  are  known  to  this  date,  e.g., 
electromagnetic  acceleration  and  light  gas  gun.  In  the  last  years  a  new  type  of  mass  accelerator, 
called  ram  accelerator,  was  built  and  successfully  tested  by  HERTZBERG  et  al.  [1].  Following 
their  publications,  the  ram  accelerator  can  be  used  as  an  in-tube  mass  driver  for  velocities  higher 
than  10  km/s  with  the  gasdynamic  principles  well  known  from  Ramjet-  and  Scramjet-engines.  Fig. 
1,  e  g.,  shows  the  superdetonative  combustion  inode  for  ram  accelerator  operation  in  supersonic 
flow. 

Owing  to  ISL's  need  for  a  hypersonic  mass  accelerator  facility,  the  decision  was  taken  to  build 
two  ram  accelerators:  a  30-mm-tube,  called  RAMAC  30  and  a  90-mm-one,  RAMAC  90  [12].  As 
described  by  HERTZBERG  et  al.  [1]  the  ram-tube  is  filled  with  a  high-pressured  combustible  gas 
mixture  containing,  e.g.,  methane,  oxygen  and  some  inert  gases  as  diluent.  By  pre-acceleration  a 
subcaliber  test  projectile  is  fired  supersonically  with  1  km/s  up  to  2  km/s  into  the  ram-tube,  closed 
initially  by  membranes.  By  further  acceleration  for  example  in  the  ISL  30-mm-caliber  ram 
accelerator  it  is  planned  with  a  ram-tube  length  of  12  m  and  initial  gas  pressures  of  20  bars  up  to  50 


bars  that  projectiles  of,  e.g.,  60  g  -  200  g  may  be  brought  to  about  3000  m/s.  To  date  the  RAMAC 
30  has  been  tested  in  two  versions:  (a)  the  rail  tube  concept  [2]  with  no-fin  and  no-sabot  projectiles 
and  (b)  the  smooth  bore  concept  [3]  with  fin  stabilized  projectiles.  With  pre-acceleration  by  a 
powder  gun  to  about  1800  m/s  -  1900  m/s  the  projertiles  are  fired  at  moment  in  the  RAMAC  30 
directly  into  the  superdetonative  combustion  mode  (scram  accelerator).  A  shematic  set-up  of  the 
RAMAC  30  accelerator  device  is  shown  in  Fig.  2a.  The  main  facility  parts  are:  Powder  gun,  two 
dump  tanks,  ram-tube  (see  photography  in  Fig.  2b)  and  decelerator  tube. 

At  these  high  gas  pressures  and  high  mass  velocities,  surface  heating  during  the  in-tube  flight 
of  the  projectile  will  be  excessively  high.  Since  no  large  surface  deformation  by  ablation  can  be 
tolerated,  the  surface  temperature  during  in-bore  movement  has  to  be  kept  lower  than  the  melting 
temperature  so  that  melting  processes  at  the  projectile  surface  can  be  suppressed  (or  limited)  in 
order  to  avoid,  e.g.,  preignition  of  the  combustible  gas  mixture  at  the  nose  followed  by  a  ram 
unstart.  Furthermore  chemical  reactions  between  projectile  material  and  the  oxygen  as  well  as  the 
diluent  may  occur,  especially  in  case  the  surface  is  heated  and  melted  by  a  high  heat  flux  into  the 
projectile  surface.  But  chemical  reactions,  i.e.,  burning  of  the  projectile  material,  are  not  treated 
herein  and  are  not  included  in  the  ablation  model. 

MODELEVG  OF  HEATING  AND  ABLATION 

Heating  model 
Assumptions 

For  calculating  the  temperature  distribution  at  the  surface  and  inside  of  the  ram-projectile  as 
shown  in  Fig.  3a,  b,  a  flow  model  was  developed  in  the  reference  frame  of  the  projeaile  (a)  for  the 
rail  tube  guided  smooth  cylindrical  projectile  [2]  and  (b)  the  fin  stabilized  projectile  [3].  It  is 
assumed  that  compressible  and  turbulent  boundary  layers  develop  at  the  following  projectile 
surface  regions: 


(I)  at  the  cylindrical  nose  cone, 

(n)  in  the  combustion  zone  between  projectile  and  tube  wall, 
(Hf)  at  the  guiding  fins  in  case  of  the  smooth  bore  [3],  and 
(in)  in  the  expansion  zone.  _ 


The  flow  between  conical  bow  wave  and  projectile  in  region  (I)  is  assumed  parallel  to  its 
surface  as  well  as  in  regions  (H),  (Ilf)  and  (HI).  It  is  also  assumed  that  at  these  surfaces  a 
compressible  and  turbulent  boundary  layer  develops  similar  to  that  at  a  flat  plate  that  will  be 
simulated  as  two-dimensional  in  the  flow  model.  This  assumption  is  justified  as  long  as  the 
boundary  layer  thickness  at  the  surface  is  much  smaller  than  the  radius  of  the  projectile.  Although 
this  assumption  fails  near  the  cone's  tip,  this  small  error  is  tolerated  for  obtaining  an  analytical 
solution  for  the  description  of  the  whole  ram  projectile  heating. 

Solution  of  boundary  layer  equation 

Beginning  with  Prandtl's  boundary  layer  equations,  the  same  differential  equation  was 
analytically  found  for  regions  (I,  11,  nf,  HI)  that  satisfies  the  given  boundary  conditions.  As  an 


analytical  solution,  for  the  prediction  of  surface  and  in-tube  temperature  distribution  the  heat  flux 


along  the  coordinate  x  at  the  surface  at  y  =  0  is  given: 


(x)= 


'^n  +  l'l  n  +  3 


f  Vn  +  3; 


n+l 

(B(n)(p)”'^^c  (t, 


n  +  l 


+V  )P 


3 

r  Pe 


*  * 


n-l-3  n  +  3 

u. 


fv 

Vx 


n  +  3 


(1) 


The  parameter  u^  in  equation  (1)  is  the  flow  velocity  parallel  to  the  surface  in  regions  (I),  (II), 
(nf)  and  (ID),  outside  of  the  boundary  layer.  The  other  quantities  used,  as  n,  B(n),  (p,  6,  6**,  T^, 
Tw,  Cp,  Pe  and  v^  are  explained  by  HEISER  et  al.  [4], 


Solution  of  heat  conduction  equation 


For  taking  into  account  the  heat  flux  q^to  the  sharp-cone  geometry  of  the  ram-projectile-nose 
in  zone  (I)  the  calculated  flat-plate  heat  flux  of  equation  (1)  is  transformed  using  the  analogy  factor 
af  well  known  for  this  transformation.  For  the  determination  of  the  factor  af  the  calculated  heat 
flux  q„of  (1)  is  fitted  to  the  experimental  heat  transfer  results  of  CHIEN  [5]  on  a  5  degree  sharp- 
cone.  The  best  agreement,  see  Fig.  4,  is  found  with  af  =  1.07  using  n  =  9  for  the  exponent  of  the  u- 
velocity  profile  normal  to  the  surface  inside  the  turbulent  boundary  layer  with  thiclmess  6.  In  zone 
(H),  (nf)  and  (HI)  the  constant  af  is  set  equal  to  1 .  The  u-profile  chosen  is  the  following  one: 
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Owing  to  small  variations  in  the  calculated  heat  flux  q,;,(x)  tangentially  along  the  x-coordinates 
at  the  surfaces,  the  heat  conduction  was  considered  one-dimensional  in  y-direction,  i.e.,  depth. 
Therefore,  the  one-dimensional  heat-conduction  equation  could  be  applied  inside  the  wall  region. 
Thus,  an  analytical  solution  can  be  found  for  the  temperature  distribution  Al^  inside  the  ram- 
projectile  material  as  a  function  of  the  heat  flux  q^(x)  at  the  surface  at  y  =  0.  The  instationary, 
time-dependent  acceleration  process  was  taken  into  account  by  a  time-step-procedure  as  shown  in 
Fig.  5.  The  real  acceleration  cycle  expected  in  our  RAMAC  30  is  approached  by  successive  time 
intervals  Ati,At2,...,At„,..  with  constant  flow  quantities  during  these  steps,  but  changing  with 


ongoing  time.  In  this  procedure  the  heat  flux  qw(x)  becomes  additionally  a  function  of  time: 
q^(x,t).  Thus,  from  OERTEL  [6],  the  temperature  distribution  'I^(x,y,t)  is  found  in  the  regions 


(I),  (n)  and  (in)  for  each  time-step  as  follows: 

AT^(x,y,t+  ,  ^  .  1%^ 


(3a) 


By  a  summarizing  procedure  taking  into  accotmt  the  temperature  rise  AT^  „  in  each  time-step  n 
according  to  equation  (3),  the  total  wall  temperature  distribution  is  found: 

=^AT^,n(x,y,t).  (3b) 

n 

The  equations  (3a,b)  are  also  applied  for  the  fin  heating  (Ilf)  with  the  assumption  that  the  fins 
are  thick  enough  to  avoid  the  heat  from  arriving  at  the  middle  of  the  fin’s  width  during  heating 
cycle. 


Analytical  ablation  model 
Assumptions 

It  is  assumed  that  ablation  occurs  only  by  melting  erosion  with  no  evaporation.  Melting  erosion 
often  takes  place  when  hot  gas  flows  with  a  high  stagnation  temperature  are  in  contact  with  colder 
walls.  This  process  is  extensively  treated  by  many  authors,  see  ADAMS  [7].  In  this  paper  an 
analytical  ablation  model  for  the  ablation  of  a  ram-projectile  is  described,  see  SEILER  [8]  and 
SEILER  and  NAUMANN  [9]  .  A  similar  theory  using  a  numerical  model  was  developed  by 
NAUMANN  [10].  In  the  analytical  model  herein  it  is  assumed  that  the  sharp-cone  geometry  (I),  the 
body  and  fin  contours  (H,  nf)  and  the  back  contour  (m)  remain  approximately  unchanged  by 
heating  and  ablation  (=  small  amount  of  ablation).  Therefore,  the  boundary  layer  formation  is 
considered  to  be  uninfluenced.  Due  to  strong  shear  stress  it  is  assumed  that  the  melting  is  whipped 
away  from  the  cone  surface,  as  soon  as  it  is  produced  by  heat  input  when  the  wall  temperature 
exceeds  the  melting  temperature.  This  means  that  no  liquid  layer  develops  on  the  solid  surface. 
Heat  addition  from  melt  to  gas  flow  is  not  considered. 

Ablation  equations 

Heating  and  melting  ablation  are  decoupled  during  time  interval  At„  at  each  point  x  along  the 
x-coordinate  in  each  zone:  (I),  (II),  (Ilf)  and  (IH).  For  t<t^  the  wall  temperature  T^„_i(x,y,t<t„) 
is  lower  than  the  melting  temperature  T^g^,  see  Fig.  6.  For  t=t„  the  wall  temperature  Twn(x,y,t) 
exceeds  the  melting  temperature  T^^^  by  the  heat  input  qw,n(x,t)  of  equation  (1).  Now  melting 
occurs  in  the  layer  Ayj  (j  =  l,...m)  at  time  interval  At„=t„+i-t„  and  the  melting  heat  h^^,t  of  the 
projectile  material  has  to  be  taken  into  account.  The  total  heat  flux  input  qw,n  “ust  be  divided  into 
one  part  qc^(x,t)  for  heat  conduction  and  one  part  for  heat  of  melting: 

qw.n(x)At„=q,,„(x)At„+phn,ei,  Ayj,  j  =  l,...m.  (4) 


For  obtaining  the  molten  layer  Ayj  equation  (4)  can  be  solved  with  equation  (3)  and  the 


additional  assumption 
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At  the  end  of  time  interval  At^  the  molten  layer  Ayj  is  whiped  away  by  the  shearing  forces 
excerted  by  the  strong  wall  shear  stress  .  The  described  processes  of  melting  and  shearing  are 
continued  during  the  whole  ram  acceleration  cycle,  as: 


t<t„:  T^,„-i  <T„ 
t=t„:T^,„  >T„ 


Ayi=y.<.i  -y. 
Ay2=y.rt  -y.+i 


T  —T 

■*-w,n+l  ’ 


^  T 


=  T 

w,n+2  ? 


rr  T  m  yii+m  yn+m-l  v  T*  _ T* 

“^w^n+m  ^  ^ 


(6) 


m 


Then,  the  total  erosion  e  at  position  x  is:  e(x)=  Z  Ayj(x), 

j=i 


(7) 


RESULTS  CALCULATED  WITH  THE  HEATING  AND  THE  ABLATION  MODEL 
Nose  cone  (I) 

Results  for  the  heating  of  the  ram  projectile  nose  are  given  for  the  acceleration  cycle  of  Fig.  5 
expected  for  the  operation  of  the  ISL  30-mm-caliber  ram  accelerator  RAMAC  30.  The  calculation 
are  carried  out  for  fin  guided  projectiles  of  aluminum  and  titanium  accelerated  in  the  smooth  bore 
version  [3].  The  actual  experimental  results  are  shown  in  Fig.  7  obtained  with  stoichiometric 
hydrogen  based  gas  mixtures:  2H2  +  O2  +  5.7C02  (shot  no.  136,  aluminum)  and  2H2  +  O2  +  6.3CO2 
(shot  no.  138,  titanium).  At  the  moment  RAMAC  30  is  operated  with  only  one  stage  with  a  tube 
length  of  6  m.  The  data  of  density  p,  specific  heat  Cp,  heat  conduction  and  melting  temperature 
Tmeit  for  the  aluminum  and  titanium  used  are  the  following  ones: 


p  [Kg/m^] 

Cp[J/KgK] 

X  [J/m  s  K] 

Tmeit  [K] 

aluminum 

2700 

945 

238 

933 

titanium 

4540 

522 

16 

1941 

Initially  in  shots  no.  136  and  no.  138  the  gas  fill  pressure  was  20  bars.  The  projectile  had  a  half 
cone  angle  of  16  degrees  and  a  cone  length  of  35  mm,  see  Fig.  8.  The  constant  diameter  combustor 
region  was  50  mm  long  and  the  divergent  back  part  25  mm.  In  these  firings  the  initial  velocity  at 
the  beginning  of  the  ram-tube  was  Up  =  1779  m/s  (shot  no.  136)  and  Up  =  1768  m/s  (shot  no.  138). 

Acceleration  was  achieved  for  both  firings  along  the  first  3  -  4  m  inside  of  the  ram-tube,  see 
Fig.  7,  for  shot  no.  136  to  Upmax  =  1866  m/s  and  for  no.  138  to  Up^  =  1823  m/s.  Then  the 
acceleration  turns  to  deceleration:  in  case  of  aluminum  (no.  136)  the  velocity  drop  is  much  stronger 
as  for  titanium  (no.  138).  In  both  firings  the  impact  onto  the  steel  plates  arranged  inside  of  a  piston 
housing  which  is  placed  in  the  decelerator  tube  of  Fig.  2  is  weak.  These  weak  impacts  indicate  that 
the  projectiles  have  been  damaged  inside  of  the  ram-tube  with  an  extraordinary  mass  loss  during 
the  ram  accelerator  cycle. 

An  impression  of  the  distribution  of  surface  heat  flux  calculated  with  equation  (1)  along  the 
Xi-coordinate  at  the  cone  surface  is  given  in  Fig.  9  for  an  aluminium  cone  (shot  no.  136)  and  for  a 
titanium  one  (shot  no.  138).  The  heat  flux  develops  during  flight  in  the  pre-accelerator  up  to  Up  < 
1800  m/s  very  small.  Only  in  the  ram  accelerator  flight  the  heat  flux  becomes  important  for  the 
heating  of  the  cone  with  Up  >  1800  m/s.  Towards  the  tip  of  the  cone  the  heat  flux  increases  as 
expected  for  the  boundary  layer  development. 

The  surface  temperature  T^  for  y  =  0  as  determined  with  relations  (3a,b)  is  shown  in  Fig.  10a 
for  Up  =  2000  m/s  and  in  Fig.  10b  for  Up  =  3000  m/s.  In  case  of  Fig.  10a  the  surface  temperature 
does  not  reach  neither  with  aluminum  nor  with  titanium  the  melting  temperatures.  That  means  that 
in  the  experiments  no.  136  and  no.  138  with  maximal  projectile  velocities  of  1866  m/s,  resp.,  1823 
m/s  melting  at  the  cone  surface  is  not  predicted.  Looking  at  the  x-ray  photography  in  Fig.  11a  the 


nose  cone,  loosed  from  projectile  by  other  reasons,  is  well  shaped,  i.e.,  no  ablation  occurs 
supporting  the  theoretical  prediction.  For  Up  =  3000  m/s  (Fig.  10b)  surface  melting  is  present  for 
aluminum  as  well  as  for  titanium. 

The  total  erosion  e  predicted  with  the  sum  procedure  (7)  is  given  in  Fig.  12  for  Up  =  3000  m/s. 
With  the  use  of  a  titanium  nose  the  ablation  by  melting  is  much  smaller  than  with  aluminum.  A 
titanium  nose  should  be  preferred  in  the  velocity  range  of  Up  >  3000  m/s. 

Projectile  body  region  (II) 

The  flow  conditions  in  region  (11)  are  determined  by  the  combustion  of  the  gas  mixture. 
Therefore  in  zone  (H)  the  gas  conditions  after  combustion  have  to  be  used  as  core  flow  conditions 
for  solving  the  boundary  layer  equations.  These  data  are  available  from  the  one-dimensional  model 
of  SMEETS  et  al.  [11]  for  descsribing  the  flow  formation,  inclusive  combustion,  around  a  ram 
projectile.  That  calculation  was  carried  out  beginning  with  the  following  starting  conditions  in  front 
of  the  projectile:  gas  temperature  T  =  293K,  initial  projectile  velocity  Up  =  1800  m/s  and  gas 
mixture  +  O2  +  6CO2  used  for  both  shots  no.  136  and  no.  138  and  a  cross-section  ratio 
Aprojectiie/Atube  =  0.53.  The  gas  pressure  in  the  combustion  region  (H)  was  deduced  from  experiments 
[3]  to  about  1000  bars.  As  a  result  the  gas  conditions  after  combustion  in  region  (H)  are;  gas 
temperature  T  =  1823  K,  gas  densty  p  =  248  Kg/m^  and  flow  velocity  u  =  1543  m/s.  For  calculating 
further  parameters  for  zone  (11)  the  reacted  gas  mixture  must  be  considered;  2H2  +  O2  +  6CO2  => 
2H2O  +  6  CO2. 

With  equations  (1)  and  (3)  the  surface  temperature  along  the  body  coordinate  Xn  was 
calculated.  The  temperature  solution  obtained  is  drawn  in  Fig.  13.  The  melting  temperature  is 
already  reached  for  Up  =  2000  m/s  and  proceeds  up  tu  Up  =  3000  m/s. 

The  total  surface  erosion  e  given  by  equation  (7)  is  e  =  0.2  mm  for  the  aluminum  projectile 
body  at  Xq  =  10  mm  off  the  beginning  of  the  combustor  zone  (11)  and  Up  =  2000  m/s.  Fig.  14a.  The 
x-ray  image  of  Fig.  11b  shows  an  extreme  diameter  reduction  from  20  mm  to  less  than  15  mm  in 
the  projectile  body  region  (H).  The  erosion  predicted  by  the  heating  and  ablation  model  is  smaller 
than  the  diameter  reduction  seen  on  the  x-ray  photography  of  Fig.  lib.  It  can  be  supposed  that 
besides  melting  erosion  chemical  reactions,  i.e.,  burning  of  the  aluminum  with  the  oxygen  are 
additionally  present  giving  as  result  the  diameter  loss  seen  in  Fig.  1  lb  in  region  (O).  For  Up  =  3000 
m/s  the  ablation  induced  by  surface  melting  increases  dramatically  as  given  in  Fig.  14b. 

The  mass  loss  by  melting  and  burning  of  projectile  material  produces,  besides  gas  combustion, 
an  additional  undesired  heat  release  inside  the  combustor  channel  which  contribute  to  projectile 
acceleration  shown  in  Fig.  7. 

Expansion  region  (IQ) 

In  the  x-ray  Figure  1  la,b  nearly  no  erosion  is  seen  in  the  divergent  region  (IQ).  Here,  the  gas 
expands  strongly,  followed  by  a  drop  in  temperature  and  pressure  and  consequently  by  lower 
surface  temperatures. 


Projectile  fins  (Ilf) 


At  the  projectile  fins  (Ilf)  the  same  ablation  as  for  the  body  (If)  is  expected  and  calculated. 
Therefore,  the  results  presented  in  Fig.  14a,b  for  the  body  region  (II)  can  be  extended  to  the  erosion 
e  along  the  xnf-coordinate  at  the  fin's  surface  (IH).  For  Up  =  2000  m/s  the  erosion  is  for  aluminum 
material  as  mentioned  above  e  =  0.2  mm  at  Xnf  =  10  mm  downstream  of  the  beginning  edge  of  the 
fins  For  titanium  material  the  erosion  e  is  much  smaller  at  the  same  position.  Because  melting  acts 
at  both  sides  of  the  fins,  the  erosion  data  drawn  in  Fig.  14  must  be  doubled  to  define  the  minimal 
thickness  of  the  guiding  fins  required  for  surviving  the  shot  cycle  when  melting  erosion  is  present. 
It  came  out  that  the  fin  thickness  in  experiment  no.  136  and  no.  138,  2.5  resp.  2  mm,  is  enough  to 
survive  the  acceleration  along  the  first  3  -  4  m  in  the  ram-tube  to  1866  m/s,  resp.,  1823  m/s. 
Nevertheless,  these  firings  fail  and  the  fins  vanishes.  Melting  of  surface  material  by  heating  seems 
therefore  not  to  be  the  only  process  ablating  the  fins  and  also  the  body  of  the  ram-projectile.  As 
discussed  above,  burning  of  aluminum  and  maybe  also  titanium,  i.e.,  reactions  between  surface 
material  and  oxygen  (supported  by  surface  melting),  may  play  an  important  role  in  the  failure  of 
shot  no.  136  and  no.  138. 

CONCLUSIONS 

Analytical  methods  have  been  developed  for  calculating  the  heating  and  the  ablation  of  a 
sharp-nosed  body  flying  at  hypersonic  speed  in  a  tube  filled  with  high-compressed  gas,  i.e.,  in  a  so- 
called  ram  accelerator.  The  heat  flux  from  gas  to  solid  is  calculated  beginning  with  Prandtl's 
boundary  layer  equations.  With  an  analytical  solution  of  the  one-dimensional  heat  conduction 
equation  for  surface  temperature  evaluation  and  an  ablation  model,  the  melting  erosion  was 
cdculated  for  projectiles  of  aluminum  and  titanium  used  in  the  RAMC  30  experiment  in  the  smooth 
bore  version  [3].  In  subdividing  the  projectile  contour  in  fours  regions,  i.e.,  the  cone  (I),  the  body 
(H),  the  fins  (Ilf)  and  the  back  part  (EH),  the  following  results  are  important; 


Cone  (D:  With  aluminum  and  titanium  the  heating  and  melting  up  to  Up  =  3000  m/s  is 
small.  No  significant  deformation  is  expected. 

Body  (H):  Ablation  by  melting  in  case  of  aluminum  and  titanium  projectiles  is 
calculated  to  be  much  higher  than  at  the  cone  (I)  due  to  the  high  gas  temperature  and  gas 
pressure  produced  by  combustion. 

Fin  infl:  Ablation  at  the  fins  is  of  the  same  order  as  at  the  body  (Bf).  The  calculated 
erosion  e  for  shot  no.  136  (aluminum)  and  shot  no.  138  (titanium)  is  smaller  than  the  fin 
width  in  the  velocity  range  of  up  to  2000  m/s.  Nevertheless,  the  projectiles  have  lost 
their  fins  during  ram  firing  as  depicted  with  x-ray  photos.  That  means  other  erosion 
mechanisms  must  be  additionally  present.  It  is  supposed  that  chemical  reactions  between 
fin  material  and  the  oxygen  as  well  as  the  diluent  (here  CO2)  are  considerd  for  metals  as 
aluminum  and  titanium,  which  easy  form  aluminum  oxide  as  well  as  titanium  dioxide, 
especially  at  high  temperatures  as  present  in  the  combustion  region.  Such  chemical 
reactions,  if  possible,  are  also  present  in  the  body  region  (II). _ 


Chemical  reactions  of  projectile  material  with  the  oxygen  and  the  diluent  CO2  have  been  found 
in  previous  RAMAC  30  experiments  [13],  done  with  projectiles  of  magnesium.  Magnesium  reacts 
well  with  oxygen  by  burning.  The  same  tendecy  is  present  for  aluminum  and  for  titanium. 


Therefore  pure  magnesium,  aluminum  or  titanium  should  not  be  brought  in  contact  with  the  hot 
combusted  gas  mixture,  especially  in  case  of  melting  processes  and  in  case  of  CO2  as  diluent. 

To  avoid  melting  and  burning  other  materials  than  magnesium,  aluminum  or  titanium  should 
be  used,  maybe  steel.  An  advantage  could  be  the  possibility  of  coating  in  order  to  protect  the 
ground  material  against  high  temperatures  and  also  against  burning  reactions. 

The  results  obtained  with  aluminum  projectiles  coated  with  zirconium  oxide  (Zr02)  and 
aluminum  oxide  (AI2O3)  are  given  in  Fig.  15.  In  these  two  firings  the  aluminum  seems  to  be 
protected  against  the  heat  influence  for  about  4  -  5  m  flight,  but  no  velocity  increase  is  detected.  It 
seems  that  the  thrust  originated  by  combustion  just  balances  the  high-pressure  flow  drag  and  the 
mechanical  fiiction  forces  of  the  fins  at  the  tube  wall.  With  calculations  done  with  the  model  of 
SMEETS  et  al.  [1 1]  the  velocity  increase  for  shot  no.  136  is  about  100  m/s  on  6  m  projectile  travel. 
This  velocity  rise  seems  to  be  compensated  by  the  forces  mentioned.  For  example  in  shot  144  no 
combustion  occured  and  the  projectile  velocity  dropped  by  an  amount  of  -Au  =  89  m/s.  Therewith 
the  effects  of  flow  drag  and  tube  fnction  on  projectile  velocity  are  made  visible  with  Fig.  16.  If  that 
hypothesis  is  true,  the  acceleration  present  in  Fig.  7  is  caused  by  burning  of  the  projectile  body  and 
its  fins  forming  a  second  heat  source  besides  the  heat  release  by  gas  combustion.  The  consequence 
is  a  undesired  velocity  gain  by  burning  of  the  projectile  material. 
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Fig.  2b.  Smooth  bore  6  m  ram  tube  (left)  and  1.5  m  sabot  stripper  tube  (right) 
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Fig.  3a.  Boundary  layer  formation  at  the  smooth  cylindrical  projectile 
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Fig.  3b.  Boimdary  layer  formation  at  the  fin  stabilized  projectile 


Fig.  4.  Comparison  of  heat  flux  with  CFIIEN  (1974) 


Fig.  5.  Velocity  cycle  and  time-step  approach  for  actual  and  future  RAMAC  30  operation 
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Fig.  6.  Temperature  Tw,i  .Tw,n+n,  and  ablation  Ayj...  Ay„  along  time-step-procedure 


Fig.  7.  Velocity  increase  with  projectiles  made  of  aluminum  and  titanium 


30 


Fig.  8.  Greometry  of  actual  fin  stabilized  projectile  (June  1995) 


Fig.  10a.  Cone  (I)  surface  temperature  for  aluminum  and  titanium  projectiles  at  Up  =  2000  m/s 


Fig.  1  lb.  x-ray  photo  for  shot  no.  139  after  6m  projectile  path 


body  coordinate  [mm] 


Fig.  13.  Body  (II)  as  well  as  fin  (IK)  surface  temperature  for  aluminum  and  titanium  projectiles 
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Fig.  14a.  Body  (H)  as  well  as  fin  (Ilf)  surface  erosion  for  aluminum  and  titanium 


Fig.  14b.  Body  (IQ  and  fm  (Ilf)  surface  erosion  obtained  for  aluminum  and  titanium  projectiles 


Fig.  15.  Velocity  increase  with  projectiles  made  of  aluminum  (no.  136),  eloxadized  aluminum  (no. 
139),  aluminum  with  zirconium  oxide  coating  (no.  150)  and  aluminum  oxide  layer  on 
aluminum  (no.  151) 


Fig.  16.  Flow  drag  and  friction  forces  balanced  by  ram  acceleration  in  no.  150  (ram  combustion) 
compared  with  shot  no.  144  (no  combustion)  and  no.  136  (ram  combustion  and  aluminum 
burning) 


THERMAL  STRESS  DUE  TO  AERODYNAMIC  HEATING  OP  PROJECTILES  DURING 
ACCELERATION  IN  A  RAM  ACCELERATOR  TUBE 


K.  W.  Naumann 

French- German  Research  Institute  of  Saint-Louis 
5,  rue  du  General-Cassagnou,  68301  Saint-Louis ,  France 

Paper  presented  to  the 

2nd  Int.  Workshop  on  Ram  Accelerators,  Seattle,  July  17-20,  1995 


INTRODUCTION 


During  the  acceleration  in  a  ram  accelerator  tube  the 
projectiles  move  through  the  dense  propellant  gas  at  very  high 
velocity.  The  high  density  and  the  high  velocity  cause  very  heavy 
aerodynamic  heating,  even  within  the  short  time  of  some 
milliseconds  of  acceleration.  This  may  cause  even  ablation  of 
light  metal  alloys,  or  mechanical  weakening  of  thin  structures 
like  fins  or  thin  walls  \  Using  suitable  materials  or  material 
combinations  can  delay  the  onset  of  ablation,  or  prevent  it  over 
all  of  the  acceleration  process  .  Nevertheless,  an  other  effect 
can  affect  the  mechanical  stability  of  the  projectile:  thermal 
stress,  which  is  caused  by  the  almost  inevitable  strong 
temperature  gradients  in  the  projectile  wall,  and  the  associated 
thermal  expansion.  This  thermal  compression  stress  acts  coincident 
with  the  external  pressure  of  the  flow  around  the  ram  projectile, 
which  tends  to  compress  the  projectile  as  well.  Hence  these 
conditions  differ  e.  g.  from  those  inside  of  a  gun  breech.  There 
similar  wall  heating  conditions  creating  thermal  expansion  combine 
with  tensile  stress  at  the  inner  wall  due  to  internal  pressure. 
Inside  of  the  gun  breech  both  effects  eliminate  each  other  at 
least  partially. 


Fortunately  for  the  heated  surface  of  such  a  ram  projectile 
the  peak  stress  due  to  external  pressure  occurs  at  the  inner 
surface  of  the  projectile  wall,  or  at  the  centreline,  if  the 
projectile  is  massive^.  Figure  1  shows  a  simplified  sketch  of  the 
basic  effects.  In  accordance  with  the  fluid  dynamic  notion  the 
pressure  stresses  are  positive,  the  tensions  negative.  The 
formulae  for  the  stresses  at  any  radial  coordinate  r  inside  the 
projectile  wall  are,  for  an  ideal  cylindrical  body  of  infinite 
length^ 
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direction,  and  v  is  the  ratio  of  the  outer  and  inner  radius  of  the 
wall,  i.  e.  Tj  =  r  /r  . .  The  external  pressure  is  p  ,  and  the 
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Formula  (3)  shows  that  for  a  massive  body,  where  v  is  infinite  and 
p  .  =  0,  the  maximum  permitted  external  pressure  is 
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At  the  exterior  wall  surface  we  obtain 
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Here  for  a  massive  body  we  get  the  straightforward  result 


(7) 
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At  a  rough  estimate  the  pure  pressure  load  would  not  have 
been  considered  to  pose  serious  problems  in  view  of  the  matter  of 
fact  that  guns  can  hold  thousands  of  atmospheres.  However, 
external  pressure  is  the  much  more  adverse  case,  because  the 
tolerable  external  pressure  is  utmost  half  of  the  permitted 
pressure  stress  of  the  body  material.  As  stated  above,  the  maximum 
load  due  to  external  pressure  affects  the  least  heated  inner  wall, 
or  axis,  of  the  ram  projectile.  Notwithstanding,  we  need  to  keep 
in  mind  that  the  external  pressure  contributes  significantly  to 
the  mechanical  load  of  the  ram  projectile,  and  that  any 
consideration  on  thermal  stress  has  to  account  for  this. 
Experiments  on  the  superdetonative  propulsion  mode  yield  peak 
pressures  after  the  reflected  conical  shock  (for  a  sketch  see  Fig. 
2)  of  about  100  MPa  or  more^.  Pressure  of  this  order  of  magnitude 
alone  can  cause  the  disintegration  of  projectiles  made  of  some 
light  alloys. 


GENERAL  CONSIDERATIONS 

The  effects  caused  by  thermal  expansion  depend  strongly  on 
temperature  gradient,  wall  thickness,  and  properties  of  the 
materials  used.  Two  limiting  cases  can  be  characterized:  'thick' 
walls  and  'thin'  walls  (see  Fig.  3).  Bodies  of  ram  accelerator 
projectiles  generally  have  thick  walls  because  of  the  considerable 
external  pressure,  as  is  outlined  just  above.  If  the  projectile 
has  fins,  these  are  in  general  thinner,  and  have  two  heated  sides. 
It  can  happen,  that  the  wall  is  not  'thick'  but  'intermediate', 
necessitating  the  use  of  a  different  approach.  On  the  other  hand, 
the  fins  are  subjected  to  roughly  equal  pressure  from  both  sides, 
if  the  combustion^flow-field  develops  ideally. 

At  a  thick  wall  heating  affects  just  a  thin  layer  underneath 
the  surface,  the  surface  layer  (SL) .  The  most  of  the  structure, 
designated  deep  wall  (DW) ,  remains  cold.  This  is  the  case,  if  the 


thermal  conductivity  X  is  not  sufficient  to  transfer  a 

b 

significant  amount  of  heat  into  the  interior  of  the  wall  within 
the  duration  of  the  heat  flux.  A  rapid  estimate  whether  a  wall 
under  consideration  is  rather  'thick'  or  'thin'  is  explained  in 
ref.  5:  For  the  distance  z  of  an  isothermal  with  temperature  T 
from  the  wall  surface  after  time  t  of  exposure  to  a  laminar  shock 
boundary  layer,  the  analytical  solution  given  by  ref.  6  is 

\  -  S  {{T-T^)  /  {T^  ^-T^)} ,  with  being  the  starting  temperature, 

can  be  taken  from  Fig.  4.  If  y  =  f  {  (  T-T  )  /  ( )  =  0.1  or  0.2} 

is  significantly  less  than  the  wall  thickness  then  the  'thick' 

wall  approximation  is  valid,  and  the  main  of  the  structure  is  not 
affected  by  heating  for  the  duration  t  considered.  If  =  y  = 

S  { (T-T  )  /  {T  -T)  =  0.1  to  0.7},  then  all  of  the  wall  thickness 

is  affected  by  heating,  and  we  have  the  'intermediate'  case. 
Notice  that  for  fins  heated  from  both  surfaces  S^/2  has  to  be  used 

for  this  estimation.  'Thin'  walls  which  heat  almost  uniformly  will 
not  appear  in  the  frame  of  this  consideration. 

In  general  the  projectile  structures  are  three-dimensional 
and  the  temperature  gradients  not  uniform.  This  creates  a 
three-dimensional  stress  situation,  which  depends  strongly  on  the 
shape  and  the  structure  of  the  wall.  In  the  frame  of  this  paper  we 
start  the  general  investigation  by  considering  mainly  the  stress 
cr^  acting  parallel  to  the  surface.  The  approximation  of  the 

projectile  body  by  a  cylinder  is  roughly  correct  in  the  case  of  a 
ram  accelerator  with  a  rail  tube^.  The  fins  are  approximated  by 
flat  plates. 

Several  measures  can  be  taken  in  order  to  minimize  the 
thermal  stress: 

1  The  structure  can  be  made  from  material  with  a  low  thermal 
coefficient  of  expansion  a^,  for  example  steel  with  36%  of 

nickel. 

2  Intermediate  walls  of  uniform  temperature  gradient  can  be 
made  from  layers  of  different  materials,  whose  is  chosen 

to  obtain  uniform  thermal  expansion  aJT  over  the  wall 

thickness . 

3  A  suitable  composition  of  layers  of  different  materials  can 
also  be  developed  for  thin  walls  with  non-uniform  temperature 
gradient,  if  in  addition  to  aJI  the  moduli  of  elasticity  E 

are  chosen  to  keep  cr(s)  <  <t 

per 

4  At  thick  walls  the  material  of  the  thin  SL  can  be  chosen  to 
obtain  cr  >  o'  for  the  acceleration  process  considered, 

P.per  p 

whereas  the  material  of  DW  does  not  affect  the  aerothermal 
properties  of  the  structure. 

5  The  material  of  SL  can  be  chosen  to  ablate,  before  (x 


approaches  cr  ,  if  the  corresponding  degree  of  ablation 

P.per 

can  be  tolerated. 

We  notice  that  the  selection  of  the  right  material  is  not 
straightforward.  This  holds  particularly  for  the  case  of  a  'thick' 
wall.  Moreover,  in  addition  to  the  very  different  approaches  to 
stress  minimization,  the  level  of  the  wall  heat  flux  and  its 

duration  t  have  to  be  taken  into  account  as  well, 
q 

In  the  following  this  paper  will  present  an  approach,  which 
allows  to  determine  the  aerothermal  suitability  of  materials  for 
the  use  with  'thick'  walls  by  similarity  parameters,  dependent  on 
q^,  t  ,  and  the  material  properties.  Extensions  allow  to  express 

in  terms  of  readily  available  flow  parameters. 


THERMAL  STRESS  AND  EXTERNAL  PRESSURE 


In  the  thin  heated  surface  layer  thermal  pressure  is 

much  larger  than  the  balancing  strain  pj,  of  the  deep  wall  (see 
Fig.  3).  If  cr  exceeds  the  permitted  a  of  the  material, 

mechanical  destruction  or  degradation  of  the  SL  can  happen. 


For  our  considerations  we  assume: 

>  Hooke's  law,  i.  e.  cr  =  cE.  E  is  assumed  not  to  vary  with  T.  c 

is  the  variation  in  length,  i.  e.  e  =  Since  in  general 

a  increases  with  increasing  T,  and  E  decreases,  the  change 

e 

of  a  LT'E  with  IF  is  moderate. 

e 

>  The  tension  in  the  cold  DW,  with  T  =  T,  and  its  change  in 

DW 

length  are  neglected. 

>  Only  tensions  orientated  parallel  to  the  surface  are 
considered . 

Each  layer  in  SL  is  subjected  to  a  pressure  tension,  which 
has  to  balance  the  thermal  expansion, 

cr/E=c  =  aLT=a  {T-TJ  (10) 

t  e  e  DW 


and  the  maximum  permitted  temperature  rise  of  this  layer  is 


AT 

per 


cr  /  [a  E) 

t,per'  '  e  ' 


(11) 


For  the  thin  outer  layer  of  a  cylindrical  body  the  contribution  of 
the  external  pressure  cr  can  readily  be  evaluated  using  equ. 

t,p 

(6) ,  to  yield 


AT 

per 


(cr 

t,per 


-cr 

t,p 


)/{oc^E) 


(12) 


and  for  a  massive  body 


(13) 


AT  =  (<r  -p  )  /  (a  E) 

per  '  t,per  ^V,e' '  '  e 

Let  us  consider  a  brief  example:  A  University  of  Washington, 
Seattle  projectile^  made  from  aluminum  alloy  (Data  see  Tab.  1)  is 
subjected  to  ^  -  7.5  MPa  at  the  end  of  shot  §833,  and  to  Pj,  ^  = 

8  MPa  at  the  end  of  shot  #944  \  The  cone  is  hollow,  and  at  the 
point  investigated  r  =4.24  mm  and  r  =  2.21  mm,  which  give  tj 

=  1,92.  The  maximum  permitted  temperature  rise  of  the  surface 
layer  from  (11)  is  AT  =  325  K.  In  this  case  external  pressure 

per 

contributes  little:  According  to  (6),  and  for  P„  ,  -  0  we  obtain 

W,  1 

<7  =13  MPa,  and  with  this  in  (12)  we  get  AT  =  317  K.  The 

t.P.e  '  '  =  per 

maximum  permitted  absolute  temperature,  calculated  with  an  assumed 
laboratory  temperature  of  295  K,  is:  T  =620K  for  p  =0; 

p©p  © 

T  =  612  K  for  p  =  7.5  MPa.  Figure  5  shows  the  wall 

per  W,e 

temperatures  of  4  shots  performed  at  the  University  of  Washington, 
Seattle^  (for  more  details  on  these  cases  see  ref.  1) .  We  see  that 
with  a-  maximum  surface  temperature  of  650  K  the  projectile  of  shot 
#883  keeps  roughly  within  the  calculated  limits  (it  survived  the 
acceleration  procedure),  whereas  the  projectiles  of  the  other 
shots  reach  about  the  melting  temperature,  before  they  unstart. 

The  fact  that  the  wall  temperature  can  exceed  the  above 
calculated  temperature  limit  to  some  extent  or  for  a  limited  time 
before  failure  is  not  surprising.  After  all,  each  well-performing 
technical  device  can  bear  some  overload.  Figure  6  shows  that  in 
all  three  cases  at  the  time  of  unstart  the  620  K  -  isothermal  had 
penetrated  the  wall  by  about  0.3  mm,  i.  e.  0.11  of  the  wall  thick¬ 
ness.  Of  course  other,  more  effective  reasons  may  have  provoked 
these  unstarts,  what  is  discussed  in  ref.  1.  Nevertheless,  the 
criterion  of  permitted  maximum  temperature  rise  too  yields  in 
these  cases  consistent  results. 


HOMOGENOUS  WALLS 

Similarity  Considerations  on  Thermal  Relations 

For  the  calculation  of  the  example  above  we  used  data  taken 
from  detailed  investigations.  The  rough  judgement  in  advance,  how 
a  surface  will  perform  in  view  of  a  given  heating  rate  -  exposure 
time  history,  or  which  material  does  better,  can  be  carried  out  by 
normalization  of  AT  by  the  difference  between  wall  surface 

per 

temperature  T  and  internal  temperature  The  increase  of 

T  of  a  homogenous  'thick'  wall  due  to  aerothermal  heating  can 
be  written  according  to  Smeets 

-  (r-rjfiy)  (is) 

T  is  the  recovery  temperature,  g„  the  cold-wall  heat  flux, 

r  W,max 

and  are  density,  specific  heat  capacity  and  thermal 

conductivity  of  the  solid  wall.  T  is  the  starting  temperature. 


(16) 


and  usually  T  =  T  .  Division  of  (11)  by  (15)  yields 

1  DW 

f  .  Ar^ytr,(t)-rj  -  [a  l/(r-T  )/{»■} 

and  division  of  (12)  by  (15),  for  the  case  with  <7  0 

f{y}  can  be  taken  readily  from  Fig.  7  It  is  as  well  possible  to 
use  !f  directly  as  a  similarity  parameter  by  writing 

t,per  e  r  1 

or,  respectively 

t  j  p©r^  u^p  ©  1 

The  difference  is  that  Q  is  easier  to  be  obtained,  but  T  gives 
more  straightforward  information: 

>  T  <  1  indicates  that  mechanical  destruction  or  degradation  of 
the  wall  surface  can  happen. 

>  T’  >  1  indicates  a  safe  structure  for  the  conditions 

considered. 

At  the  right  hand  side  of  equ.  (18)  and  (19)  the  material 
properties,  and  for  convenience  the  constants,  can  be  combined  to 
form 


with  the  dimensions  [J^/m^sK]. 

The  sense  of  IM  is  that  a  high  value  indicates  a  suitable 
material  for  the  use  as  a  thin  SL  of  a  'thick'  wall:  As  well  high 
AT  as  high  heat  sink  capacity  p  c  and  good  heat  conductivity 

A  tend  to  lessen  the  risk  of  destruction  of  the  surface  layer  due 
w 

to  thermal  stress.  Fig.  8  shows  IM  over  the  melting  temperature  T. 

m 

Notice  that  the  widely  used  Al-  and  Mg-alloys  show  reasonable  good 
values  of  IM,  which  are  better  than  that  of  Ti,  Ir,  or  Zr.  A 
deficit  of  Al-  and  Mg-alloys  is  the  rapid  decrease  of  mechanical 
strength  with  increasing  temperature.  The  latter  materials  have  a 
higher  melting  temperature,  but  the  relative  mechanical  load  of  SL 
due  to  thermal  expansion  is  higher.  A  very  good  performance  shows 
Invar®,  a  steel  with  36%  of  Ni .  The  extremely  low  overrules  the 

poor  heat  conductivity.  The  equally  good  performance  of  well 
hardened  and  tempered  steel  is  due  to  its  high  o'pgj.*  which 

favourably  is  greatest  in  the  SL.  In  addition  steel  generally 
offers  good  mechanical  properties.  Other  good  and  readily 
available  materials  are  Waspalloy®  and  CuZn40Pb2  F68.  Alloys  based 
on  Mo  (i.  e.  TZM) ,  W,  Re  and  Rh  offer  good  heat  resistance  in 
combination  with  excellent  values  of  IM,  which  is  due  to  their  good 
A.  Since  the  A  of  ceramics  differs  significantly  they  show  gre^ 
differences  as  well:  ZrO  performs  worse  than  most  metals,  Sialon 

and  borium  nitride  match  very  good  ordinary  metals,  Shapal  is 


excellent,  and  SiC  the  best  of  the  band.  In  addition  we  should 
keep  in  mind,  that  ceramics  keep  their  mechanical  strength  up  to 
temperatures  of  1200  K  or  more.  If  lightweight  construction  is  the 
necessary,  ceramics  offer  superior  performance.  The  properties  of 
Kevlar  reinforced  resin  are  bad  because  of  its  extremely  low  X.  In 
the  next  paragraph  we  will  see  that  it  is  an  excellent  material 
for  protective  layers. 

An  other  question  is,  whether  a  material  will  first  melt, 
soften  or  decomposit,  or  rather  crack  under  thermal  stress,  and 
external  pressure.  This  can  be  answered  by  normalizing  by 

AT  =  (T  -T  )  which  yields  an  other  parameter  M, 

max  max  DW 

M  =  AT  /AT  =  [(u  -a  )/{aE)]/(T  -T)  (21) 

per'  max  t,per  t,p'  e  max  DW 

For  materials  with  strong  dependence  of  a  on  T,  as  for 

t,  per 

example  metals  with  a  -*  0  as  T  -  T  ,  the  temperature  T  is 

^  p ,  per  m  max 

less  than  T  .  ^  <  1  indicates  that  mechanical  degradation  due  to 

m 

thermal  stress  occurs  before  melting,  softening  or  decomposition, 
jM  >  1  indicates  that  the  latter  make  the  limiting  effect,  which 
qualifies  a  material  for  use  as  an  ablative  layer.  Figure  9  gives 
M  of  some  materials.  Values  for  metals  are  calculated  with  the 
lowest  T  ,  those  for  ceramics  with  the  maximum  temperature  of 

m 

continuous  use.  Hence  the  given  values  for  metals  represent  the 
lower  limit. 

We  see  readily  that  many  of  the  metals  with  high  T^  have  very 

small  M,  as  for  example  Ir,  Rh,  TZM,  Densimet^,  Ta,  Re,  Zr,  and 
W75Re25.  As  a  matter  of  fact  these  metals  have  not  sufficient 
strength  to  allow  heating  up  to  temperatures  which  are  about  T^. 

The  surface  will  disintegrate  at  much  lower  temperatures  if  just  a 
SL  of  these  materials  is  heated.  These  materials  can  nevertheless 
be  well  used  for  'thin'  and  'thin  intermediate'  walls,  because  in 
this  case  the  thermal  stress  is  less  important.  They  can  as  well 
be  used  for  'thick'  walls,  if  layers  of  different  materials  with 
correctly  tuned  factor  a^E  are  used.  Metals  with  a  somewhat 

balanced  behaviour  are  the  alloys  based  on  Al,  Mg,  Ti,  and 

steel,  mainly  because  of  their  lower  T  .  Densimet  performs 

excellent  because  of  its  extreme  a  ,  and  has  in  addition  a 

p.per 

very  high  high  T  .  However,  for  use  with  ablative  layers  only 

polymeric  or  ceramic  materials  seem  to  be  appropriate.  The  best  of 
the  ceramics  is  ZrO^  because  of  its  little  X.  Also  very  good  is 

Sialon®,  whose  X  is  not  yet  too  high.  Borium  nitride,  Shapal*^,  and 
SiC  can  effectively  not  be  used  because  of  too  high  X.  The  best  of 
all  is  Kevlar  reinforced  resin,  with  .«  =  5  to  10  for  cr  -  500 

p.per 

MPa,  and  X  =  0,2  W/mK.  The  disadvantage  is  the  little  T^^,  which 

means  that  the  heat  flux  which  has  to  be  absorbed  is  comparatively 
high,  as  is  in  consequence  the  flux  of  mass  lost  due  to  ablation. 
An  other  advantage  is  the  combination  of  little  density  and  high 
heat  capacity. 


Examples 


Let  us  again  have  a  look  to  an  example,  calculated  using  the 
UW  shots  mentioned  above^  (for  more  details  on  thermal  data  see 
again  ref.  1):  At  the  end  of  the  acceleration  process  ^  -  640  K 

for  shot  #883  and  ^  =  850  K  for  the  others.  Using  the  roughly 

estimated  and  over  t  averaged  recovery  temperatures  of  1000  K  and 
1350  K,  respectively,  yields 

f(y)  =  0.4894;  =  0.68;  shot  #883 

f(y)  =  0.5261;  y  =  0.85;  shot  #944 

For  the  aluminum  alloy  used,  p  cX  =  333*M[  J^/m^sK^]  .  Replacement 

WWW 

of  these  aluminum  data  by  those  of  titanium  or  magnesium  (see  Tab. 
1),  i.  e.  =  13.84*M[ J /m  sK  ]  and  141  M[J /m  sK  ],  respec¬ 

tively,  gives  for  similar  cones  of  titanium  and  magnesium,  and  the 
same  flow  conditions. 


y  =  16.36;  f{y)  =  0.865; 
y  =  20.46;  f(y)  =  0.880; 

y  =  1.606;  f(y)  =  0.622; 

y  =  2.008;  f(y)  =  0.644; 


shot  #883/Ti 
shot  #944/Ti 
shot  #883/Mg 
shot  #944/Mg 


Using  this,  and  neglecting  the  comparatively  small  contribution  of 
external  pressure  we  obtain  for  IP  the  following  data: 


T  =  0.968 
T  =  0.602 
P  =  2.237 
P  =  1.469 
P  =  0.598 
P  =  0.386 


shot  #883/Al-cone 
shot  #944/Al— cone 
shot  #883/Ti-cone 
shot  #944/Ti-cone 
shot  #883/Mg-cone 
shot  #944/Mg-cone 


We  see  clearly  that  the  aluminum  alloy  is  noticeably  too  weak 
for  the  heating  conditions  of  shot  #944,  whereas  it  is  about  at 
the  brink  with  shot  #883.  The  titanium  alloy  performs  better,  but 
not  to  that  extent  as  would  have  been  expected  from  aerothermal 
reasonings  which  take  into  consideration  just  the  melting 
temperature.  As  a  matter  of  fact  ^{t)  depends  strongly  on  T  at 

such  high  y  -  values  as  they  occur  with  the  titanium  walls,  and 
because  T  goes  up  to  1800  K  at  the  end  of  the  acceleration 

r 

process  of  shot  #944,  the  value  P  =  1.469,  which  is  estimated 
using  a  mean  recovery  temperature  is  rather  optimistic.  Magnesium 
performs  worst  and  is  well  below  P  —  1  even  for  the  conditions  of 
shot  #883.  This  agrees  with  experimental  observations:  the 

projectile  of  shot  #842  had  a  magnesium  cone  and  unstarted  just 
before  the  surface  reached  the  melting  temperature.  Using  from 
ref.  IT  =  840  K,  and  the  roughly  estimated  and  over  t  averaged 

W,  e 

recovery  temperature  of  1250  K,  we  obtain 


f(5)  =  0.5707  ^  P  =  0.4807 

which  is  a  little  bit  lower  than  the  P  -  value  calculated  for  the 
Al-cone  of  shot  #944. 

In  spite  of  the  good  agreement  these  calculations  do  not 
allow  to  definitely  fix  the  value  of  P,  at  which  the  structures 
fail.  According  to  the  findings  in  ref.  1  in  all  these  cases  the 


time  of  unstart  coincides  as  well  with  the  time  of  onset  of 
ablation  at  large  areas  of  the  surface  of  the  projectiles. 

An  other  example  can  be  calculated  using  shot  #8  of  ISL  RAMAC 
30  (for  general  information  see  ref.  4  and  the  references  cited 
therein,  for  calculations  on  heating  see  ref.  2).  The  conditions 
of  this  shot  are  characterized  by  a  very  high  and  roughly  constant 
heating  rate  and  a  very  short  time  till  the  unstart.  Former 
calculations  showed  that  a  front  cone  of  magnesium  should  not 
ablate  With  the  flow  data  of  Tab.  2  we  get  for  a  'thick'  cone 
of 


MgAlSZn: 

y  =  0.1200 

f(y)  =  0.2703 

9  =  0,549 

AlCu4MgSi 

y  =  0.0492 

f(y)  =  0.1660 

9  =  0,812 

TiA16V4: 

y  =  1.223 

f(y)  =  0.5753 

^  ■ 

9  =  1.395 

These  findings  correspond  with  the  observed  results  that  the 
magnesium  projectile  failed  and  the  aluminum  projectile  survived. 
The  titanium  data  are  for  comparison.  No  Ti-pro jectiles  have  been 
used  with  the  rail  tube.  For  the  sake  of  completeness  we  should 
mention  that  very  heavy  ablation  from  almost  the  beginning  was 
calculated  for  the  corner  between  the  projectile  cone  and  the  tube 
rails.  Since  in  this  case  the  473— K-isothermal  preceedes  the 
ablation  front  by  just  0.2  mm,  the  zone  of  tensional  overload  is 
thin  Till  the  time  of  unstart  there  is  no  indication  that  this 
local  ablation  affects  the  acceleration  process  .  Another 
reasonable  cause  for  the  observed  unstarts  of  the  magnesium 
projectile  could  have  been  burning  of  the  surface,  which  could 
have  choked  the  bypass  due  to  excessive  heat  production. 

Concluding  this  set  of  examples  we  once  more  have,  to 
emphasize  that  the  thin  SL  certainly  will  not  disintegrate  to  a 
noteworthy  amount  immediately  when  the  outermost  layer  of  wall 
surface  molecules ’ attains  the  value  9-1.  Since  real  structures 
can  tolerate  some  overload,  the  criterion  9=1  should  not  mark  a 
sharp  limit,  but  indicate  a  safe  construction.  The  examples 
indicate  that  effective  failure  occured  at  about  0.4  <  9  <  0.7. 


Similarity  Considerations  Including  Heat  Transfer  Analysis 

Let  us  now  turn  over  to  the  heat  transfer  term  of  9  or  Q, 
respectively:  At  ram  acceleration  conditions  the  convective  heat 
transfer  caused  by  the  turbulent  boundary  layer  (BL)  is  by  far 
dominant,  with  the  exception  of  some  spots  with  shock/BL 
interaction  The  heat  transfer  coefficient  a  is  defined  by 

h 

“h  ■ 

is  the  significant  temperature  inside  the  BL  for  g^.  For  the 
cold  wall  we  can  assume 


T  =  T  =  T  (23) 

W  1  00 

which  holds  in  most  cases.  With  this,  for  q  =  q  ,  i ..  e.  at  a 

W  W,max 

cold  wall,  and  for  a  turbulent  boundary  layer  we  can 
approximate 

=  T  {l+0.2A'Ma/f) 

00  '  ' 


T 

ref 


T 

max , BL 


(24) 


with  f  being  the  number  of  the  internal  degrees  of  freedom  of.  the 
gas.  Using 


fk  =  (25) 

and  putting  (22),  (24)  and  (25)  into  (14)  and  (15): 

gives 

y  =  t(T  'Qi.lMAa  ! f)^ /\^{T -T  )^\  (27) 

h,max  00  r  1 

For  the  heat  transfer  coefficient  we  use  Reynolds  analogy 
with  the  extension  of  Prandtl  and  Taylor  (for  details  see  refs. 
10,  5,  9) .  This  can  be  written  as 


Pr'i?e«  (C  /2) 

m  =  - ^ -  (28) 

00 


Here  C  is  the  local  turbulent  friction  coefficient,  W,  is  the 

F  lam 

velocity  at  the  edge  of  the  laminar  boundary  layer,  and  the 
Nusselt-number  Nu  =  Sta/  (Re-Pr)  .  X  is  the  heat  conductivity  of 

the  fluid,  i.  e.  the  propellant  gas,  and  1  is  the  length  of  BL 
flow.  With  this  a  becomes 

X 


a 


h 


Pr-Pe^-  (C^/2)-^ 

„  lam.— 

1  +  ^j^(Pr-l) 


(29) 


00 


Since  for  hypersonic  flow  conditions  with  a  cold  wall 

very  small  the  denominator  is  less  than  1.05  for  0.5  <  Pr  < 

1.5,  and  we  can  approximate  for  Pr  being  about  unity 

oc^  =  Re^{C^/2)  {X^/1)  (30) 

Now  putting  in  from  ref.  10 


C  =  0.0592Pe 

f 


0.2 


and  from  (refs.  10  and  5) 


C  /C  =  {l+Ma^/f)~‘^^^ 

f,compr  f ,  incompr 


we  obtain 


= 


0.0296^*  Pe^‘ t[-^*  T  .0.24^]^ 
_ 1 _ ^  i  00 _ r 

iA(T-r^)^i+^)'^^ 


(31) 


(32) 


(33) 


Combining  the  temperature  and  Mach  number  terms  to 


(34) 


{T^'0.24Ma^/f)  ^ 

{T  -T  {1+Ma^/f)^'^ 

r  00 


and  putting  this  into  (34)  yields 

y  =  0.0296^i?eJ'®-t(Xp/i)^-y/fl 

and  this  in  (17) 


T  = 


(a  -a  ) 

t , pe  r  t  ,  p 


a^-E'{T^-TJ  ♦/ {9’*0.0296^i?e^'®*t(Xp/l)VA} 


(35) 


(36) 


This  formula  consists  of  well  available  parameters.  It  allows 
an  immediate  estimate  of  the  stability  of  the  surface  of  a 
specific  'thick'  wall,  which  is  subjected  to  aerotherraal  stress 
caused  by  a  compressible  turbulent  boundary  layer  at  specific 
acceleration  conditions,  and  the  comparison  of  different 
structures  made  of  different  materials.  For  equations  (16)  and 
(18),  (19)  on  Q  the  corresponding  expression  can  be  formulated  as 

well. ^ Since  the  deductions  from  (26)  onwards  assume  inherently 
that  is  constant  over  t,  the  accuracy  is  best  for  moderate 

W,max 

variations,  or  saw-tooth  histories  of  ss  they  are  typical 

1  * 

for  staged  ram  acceleration  processes  . 


INHOMOGENOUS  WALLS 

Inhomogenous  walls  are  made  of  layers  of  different  materials, 
as  is  shown  in  Fig.  10.  This  can  be  protective  layers  (PL)  of 
especially  heat-resistent  or  non-oxidizing  metals,  ceramics, 
surface  treatments,  or  varnishes,  which  shield  the  inner  wall 
(IW) .  Other  possibilities  include  two  or  more  wall  layers  (WL)  of 
different  materials  chosen  to  obtain  a  specific  temperature 
gradient,  or  to  save  expensive  materials  where  they  are  not 
essential,  or  to  minimize  thermal  stress  (see  Fig.  10) .  In  the 
frame  of  this  paper  the  last  application  is  the  dominant  one. 


Protecting  Layers 

The  demands  on  the  material  of  a  PL  depend  on  its  function, 
and  can  be  expressed  in  those  terras  as  we  have  developed  them 
above.  Depending  on  the  type  of  the  protecting  layer,  these  are  as 
follows: 


1  Thin  PL  against  oxidation  of  the  IW  material 
Necessary  requirements  are: 

t>  P  -  1;  tolerable  thermal  load  of  IW. 

IW 

>  T  >  T  i  no  melting,  decomposition,  etc.,  of  PL. 

m,PL  W,e 

>  Whether  it  is  essential  that  a  a  depends  on  the 

thickness  and  the  structure  of  PL. 

Of  secondary  importance  are,  dependent  on  thickness  and  structure 
of  the  PL,  E  and  cr 

t.per 


2  Thermally  isolating  PL 
Necessary  requirements  are: 

>  Little  X  /p  c  .  Because  of  the  very  high  heat  transfer 

PL'  '^PL  PL 

rates,  the  necessary  thickness  '  of  those  PL  can  be 
surprisingly  high. 

>  High  T  ^  T  ,  because  the  surface  of  good  isolators 

^  m,PL  r' 

heats  rapidly.  Otherwise  ablation  will  take  place,  then: 
high  M. 

>  Either  little  a  or  high  [cr  /  (a  £)  ]  ;  the 

^  j  PL  ^  >  per  e 

conditions  are  the  same  as  those  of  a  SL. 

Little  important  are  the  relations  a  /a  or  {a  E)  /  {a  E) 

e^PL  iw  B  PL  e  in 

if  the  temperature  at  the  inner  side  of  the  PL  is  low. 


3  Ablating  PL 

Here  the  term  ablation  summarizes  all  processes  which  cause 
material  loss,  like  melting,  erosion,  oxidation,  sublimation, 
decomposition,  etc.  Necessary  requirements  are: 

>  High  specific  heat  of  ablation 

>  If  mass  doesn't  matter:  high  PQ^^  p^^• 

>  Little  This  allows  to  use  up  a  great  part  of  PL,  with 

T  remaining  low. 

>  ^  >  1  in  order  not  to  loose  PL  due  to  mechanical  overload. 


Wall  Made  of  Different  Wall  Layers 

This  kind  of  wall  cannot  be  sharply  divided  from  the  walls 
with  protective  layers,  because  the  outermost  layer  will  certainly 
be  chosen  in  order  to  have  the  necessary  protective  qualities.  The 
distinction  is  more  evident  from  the  mechanical  point  of  view, 
because  protective  layers  usually  have  not  to  fulfill  mechanical 
functions,  as  has  each  WL  in  the  cases  under  consideration  in  this 
chapter. 

For  the  outermost  wall  layer,  desginated  WLl  (see  Fig.  10), 
the  material  should  be  heat  resistant.  If  it  tends  to  react 
chemically  with  the  gas,  a  PL  against  oxidation  can  be  used. 
Necessary  requirements  are: 

t>  High  T  . 

max 

t>  High 

Secondary  requirements  are  either  little  or  high 

[cr  /  {a  E)  ]  .  These  requirements  can  be  dropped  if  the  {oc^E) 

of  the  different  WLs  are  matched  appropriately.  If  for  example 
(a  E)  =  (a  E)  there  is  no  jump  of  cr  at  the  boundary  between 

WLl  and  WL2 .  On  the  other  hand,  combinations  of  WLs  with  different 
(o£  E)  can  help  to  distribute  the  thermal  stress  over  wider  parts 

e 

of  the  structure.  Hence  for  the  interior  WLs  the  requirements  are: 


>  Those  WLs  which  heat  little  should  have  higher  a^, 
ideally: 

a  {WLi}*Ar{t,  WLi}  =  const.  (37) 

e 

This  kind  of  optimization  necessitates  a  detailed 
numerical  analysis  of  the  history  of  the  temperature 
gradient. 

>  With  equ.  (21),  and  the  use  of  Ar{t,  WLi)  in  the  place  of 
AT  we  can  set  up 

max 

Ml  =  AT  {WLi}/Ar{t,  WLi}  (38) 

per 

/ 

and  the  requirement  for  each  WL  is  Ml  «  !•  The  mechanical 
loads  originating  e.  g.  from  external  pressure  or  forces 
due  to  acceleration  can  be  incorporated  into  AT  {WLi}  as 

per 

is  shown  above.  In  general  Ar{t,  WLi}  needs  to  be 
evaluated  by  a  numerical  procedure. 


CONCLUSION 

The  considerations  presented  above  show  that  the'  choice  of 
the  right  materials  or  of  suitable  combinations  of  these  is  not 
straightforward,  and  that  the  use  of  just  one  material  property  as 
a  parameter  can  lead  to  suboptimal  solutions.  Since  the  mechanical 
load  on  ram  projectiles  results  from  a  combination  of  external 
pressure  and  thermal  stress,  useful  parameters  have  to  take  into 
account  both  effects.  Because  of  the  complexity  of  the  physical 
effect,  almost  all  mechanical  and  thermal  parameters  need  to  be 
incorporated.  The  parameters  evaluated  allow  to  qualify 
the  materials  according  to  the  selected  application, 
and  give  some  insight,  why  specific  materials  perform  well  or 
wrong. 

For  the  case  with  about  constant  heat  flux  into  homogeneous 
walls  an  extension  allows  an  immediate  estimate  whether  a  given 
structure  should  fail  or  survive.  Calculations  with  data  of  shots 
performed  in  different  laboratories,  with  different  flow 

conditions  and  different  materials,  show  for  0.4  <  IP  <  0.7  failure 
of  the  projectiles.  But,  because  ether  effects  may  ha've  caused 
these  unstarts  as  well,  this  observation  cannot  be  taken  as  a 
proof. 

Further  considerations  on  the  heat  transfer  term  of  the 
parameter  allow  to  qualify  generally  the  thermomechanical 
behaviour  of  generic  projectile  structure,  without  detailed 
calculations  on  the  flow  field. 

The  considerations  on  inhomogenous  walls  give  an  overview  on 
the  relevant  criteria  for  the  choice  of  the  right  material.  The 
parameters  which  are  evaluated  for  homogenous  walls,  and 
modifications  of  these,  can  also  be  used  for  the  material 
selection  in  these  cases. 

After  all  it  should  be  emphasized  that  some  progress  can  also 
be  achieved  with  very  elementary  reasoning:  the  mechanical  load  on 
the  ram  projectiles  can  be  alleviated  signif icantely,  if  it  is 
hollow,  and  the  cavity  is  pressurized  by  a  connection  to 


those  parts  of  the  projectile  surface,  where  the  external  pressure 
attains  a  suitable  level.  This  can  be  the  base  for  subdetonative 
projectiles,  or  the  side  of  the  body  for  those  fired  in  the 
superdetonative  mode. 
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Table  1 

Material 

P 

c 

X 

a 

E 

kg/m^ 

J/kgK 

W/mK 

1/10^ 

GPa 

AlZn6MgCu 

2800 

915 

130 

23,5 

72 

AlCu4MgSi 

2790 

920 

134 

23 

74 

MgA18Zn 

1800 

1047 

75 

27 

47 

Ti90A16V4 

4420 

540^ 

00 

in 

8 

110 

Tab.  1  Data  of  some  materials 


s  *oy 
.C  oZ  0^ 


Materials  in  Figs.  8  and  9:  a) 
MgAlSZn,  b)  AlCu4MgSi,g, 
c)  AlZnSMgCu,  d)  Invar^ 
e)  TZM,  f)  Ni55/Ti45,  gl 
Ti90AL6V4,  h)  Waspalloy  , 

1)  Densimetg  tension, 

j)  densimer  pressure, 

k)  hardened  steel,  1)  Re,  in)  Pr, 
n)  Ir,  o)  Rh,  p)  V,  q)  Zr, 

r)  Ta,  s)  CuZn40Pb2  F68, 
t)  W75/Re25,  u)  ZrO^,  v)  Al^O^, 

w)  Shapal®-  x)  SiC,  y)  Sialon°, 

2)  PEN  200  , 

B)  Kevlar, 


Symbols  in  Fig.  8: 
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estimated 
averaged 
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Fig.  8  IM  over  T  , 
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Symbols  in  Fig.  9: 
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calc,  with  max.  T  of  use 
calc,  with  T 
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vk  ’as  h 


vP  I 
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Fig.  9  M  over  X. 
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EXTENDED  ABSTRACT 


Introduction 

For  nearly  a  decade,  research  has  been  conducted  at  the  University  of  Washington  on  the 
ram  accelerator,^'^  a  ramjet-in-tube  device  that  propels  projectiles  to  high  velocities.  In  a  ram 
accelerator,  a  projectile  travels  supersonically  through  a  combustible  mixture  of  gases  within  a 
sealed  tube.  The  accompanying  shock  system  compresses  the  gas  flow,  which  combusts  in  a  zone 
that  travels  with  the  projectile.  The  resulting  pressure  distribution  generates  thrust  that 
accelerates  the  projectile.  In  spite  of  the  extensive  research  performed  on  the  ram  accelerator,  its 
maximum  demonstrated  velocity  has  been  limited  by  a  lack  of  detailed  understanding  of  the 
involved  processes.  In  particular,  the  effects  of  supersonic  aerodynamic  heating  on  ram 
accelerator  projectiles  are  potentially  significant,  but  have  not  yet  been  studied  with  any  detail. 
However,  recent  experimental  and  numerical  research  sheds  new  light  on  this  topic.  To  aid  in  this 
endeavor,  a  new  numerical  code  has  been  developed,  which  couples  the  flow  of  gases  around  the 
projectile  to  the  conduction  of  heat  within  the  nose  alloy.  The  current  study  involves  both 
experimental  and  computational  research  on  the  effects  of  aerodynamic  heating  on  ram 
accelerator  projectiles. 


Motivation 

Although  ram  accelerator  research  has  sparked  much  interest,  many  of  the  processes 
involved  are  not  well  understood,  such  as  the  effects  of  localized  aerodynamic  heating  of  the 
projectile  and  associated  blunting  of  the  nose.  This  problem  may  limit  the  velocity  capability  of 
ram  accelerators,  as  the  aerodynamic  heating  at  high  Mach  numbers  weakens,  and  even  melts,  the 
surface  of  the  projectile. 

An  examination  of  the  heat  flux  to  the  surface  of  spheres  in  supersonic  flow'^  shows  that 
the  stagnation  point  heat  flux  is  inversely  proportional  to  the  square  root  of  the  radius  of 
curvature.  Thus,  a  sharp  nose  with  an  attached  conical  shock  can  melt  quickly  into  a  blunt  nose 
with  a  detached  bow  shock.  This  blunting  may  have  deleterious  effects  on  the  flow,  stemming 
from  the  presence  of  the  entropy  layer,^  the  streamtubes  of  gas  next  to  the  projectile  that  must 
pass  through  the  strong  (normal  to  near-normal)  shock  around  the  centerline.  The  hot  entropy 


layer  may  induce  combustion  in  the  flow  earlier  than  in  flow  over  sharp  cones.  The  effects  of 
early  ignition  include  movement  of  the  combustion  zone  through  the  subsonic  boundary  layer 
from  behind  the  projectile  up  onto  the  projectile  itself,  and  possibly  to  the  nose.  While 
combustion  on  the  body  has  been  speculated  as  producing  thrust  at  velocities  greater  than  the 
Chapman-Jouguet  detonation  speed  of  the  gas  mixture,^  combustion  on  the  nose  may  lead  to 
choking  of  the  flow  at  the  throat  and  an  undesired  unstart.  (In  ram  accelerator  experiments  testing 
the  limits  of  operation,  the  experiment  often  ends  with  the  cessation  of  projectile  acceleration 
within  the  tube,  and  the  formation  of  a  normal  shock  ahead  of  the  projectile.  The  situation  is 
analogous  to  ramjet  engine  unstarts,  and  hence  the  term  is  also  used  in  conjunction  with  ram 
accelerators.  The  causes  of  unstarts  are  not  yet  completely  understood.)  Consequently, 
aerodynamic  heating  can  have  a  twofold  effect:  it  can  weaken  the  nose  cone  and  it  can  change  the 
aerodynamics  of  the  flow,  possibly  adversely  affecting  overall  ram  accelerator  performance.  In 
order  to  design  for  these  detrimental  effects  and  minimize  them,  aerodynamic  heating  of  ram 
accelerator  projectiles  needs  to  be  better  quantified. 


Research  Methodology 

A  series  of  laboratory  experiments  compare  projectiles  with  identical  external  projectile 
configurations,  but  made  of  different  alloys,  operating  under  similar  conditions.  Any  differences 
in  velocity  history  would  be  expected  to  result  mainly  from  the  differences  in  the  thermal  and 
mechanical  properties  of  the  alloys.  The  experimental  data  consist  of  a  series  of  experiments  to 
compare  the  maximum  velocity  attained  by  nearly  identical  projectiles,  differing  mainly  in  the 
alloy  used  to  construct  the  nose.  These  experiments  provide  a  controlled  study  of  the  effects  of 
projectile  material  on  overall  performance. 

Because  of  the  limitations  in  the  available  instrumentation  in  the  ram  accelerator  facility  at 
the  University  of  Washington,  computational  methods  are  needed  for  more  in-depth  study  of 
aerodynamic  heating.  Thus,  to  complement  the  experimental  effort,  a  more  general  computer 
program  has  been  written  that  simulates  laboratory  experiments.  In  this  program,  the  '^e- 
Klopfer-Montagne  algorithm^  solves  the  Navier-Stokes  equations;  the  Baldwin-Lomax  model  is 
used  to  simulate  turbulence  effects.  Heat  conduction  within  the  projectile  is  solved  using  a 
standard  Alternating  Direction  Implicit  method^  on  the  unsteady  heat  equation.  The  program 
couples  solutions  of  the  gas  flow  around  the  projectile  to  solutions  of  the  heat  flow  within  the 
projectile  through  a  finite-volume  formulation  of  the  energy  conservation  equation  on  the  gas- 
solid  interface.  Typical  material  properties  and  velocity  histories  from  laboratory  experiments  are 
used  in  the  simulations.  Using  this  computer  program,  the  extent  of  heat  transfer  to  ram 
accelerator  projectiles  in  simulated  experiments  is  investigated. 


Results 

In  the  laboratory  experiments,  projectiles  with  titanium  alloy  noses  generally  attain  a 
higher  peak  velocity,  and  survive  for  longer  periods  of  time  at  high  velocity,  than  standard 
projectiles  with  aluminum  alloy  noses.  Since  the  major  variation  in  parameters  is  the  nose  alloy. 


the  implication  is  that  the  inherent  differences  in  properties  of  the  alloys,  particularly  mechanical 
strength,  heat  capacity,  density,  and  thermal  conductivity,  are  major  factors  in  limiting  the 
maximum  velocity  of  the  projectile.  The  data  indicate  that  the  more  refractory  noses  endure  the 
harsh  conditions  of  high-velocity  ram  acceleration  better  than  the  standard  aluminum  noses. 

Using  the  computer  simulation  program,  the  temperature  histories  of  projectiles  were 
reconstructed  from  the  velocity  histories  of  the  experiments.  Analyses  of  the  state  of  stress  in  the 
projectiles  confirm  that  the  aluminum  projectile  nose  tips  are  likely  melting,  eroding  into  a  blunt 
configuration,  while  the  titanium  nose  tips  do  not  melt  and  thus  are  much  less  likely  to  erode, 
remaining  sharp.  Further  simulations  with  blunt  nose  tips  indicate  that,  although  blunting  reduces 
the  heat  flux  to  leading  edges  of  hypersonic  bodies,  melting  temperatures  are  still  reached  in  these 
noses.  Projectile  noses  with  larger  cone  half-angles  are  shown  to  likely  experience  even  worse  tip 
erosion  than  standard  noses,  due  to  the  higher  temperatures  and  pressures  behind  steeper  conical 
shocks.  A  simulation  of  a  high-strength  steel  nose  indicates  that  steel  is  somewhat  resistant  to 
heat,  much  like  titanium.  Thus,  nose  cones  made  of  more  refractory  alloys  are  predicted  to  retain 
structural  integrity,  and  thus  attain  higher  maximum  speeds. 

A  goal  of  these  simulations  is  to  design  a  nose  that  both  resists  erosion  due  to  aerodynamic 
heating  and  is  low  in  mass.  The  most  promising  projectile  nose  configuration  seems  to  be  one 
with  a  basic  aluminum  structure,  but  coated  with  a  refractory  material.  The  simulation  of  a 
titanium-clad  aluminum  nose  indicated  that  such  a  nose  would  combine  the  better  properties  of 
the  two  materials;  namely,  the  low  thermal  diffusivity,  high  strength,  and  high  melting 
temperature  of  titanium,  with  the  relatively  low  density  and  good  strength-to-weight  ratio  of 
aluminum.  Such  a  projectile  nose  would  be  lightweight,  yet  shielded  from  the  deleterious  effects 
of  aerodynamic  heating. 
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MOTIVATION 


Hypersonic  aerodynamic  heating: 


stagnation-point  heat  transfer  to  a  sphere 


Qw 


0.763  Pr 


0.6 

Pe^le 

. 

f2  (Pg  -  p„)  ^ 

'1 

R 

CD 

CL 

Ram  accelerator  projectiles  have  sharp  noses  and 
approach  hypersonic  Mach  numbers. 


Aerodynamic  heating  is  a  potential  problem  (recovery 
temperature  can  exceed  melting  temperature) 

Effects 

•  Weakening  or  melting  of  the  nose  cone 

•  Changing  of  the  aerodynamics  of  the  flow 


In  order  to  minimize  detrimental  effects,  aerodynamic 
heating  of  ram  accelerator  projectiles  needs  to  be 
quantified. 


PROJECTILE  ALLOYS 


Property 

Aluminum 

7075-T6 

Magnesium 

ZK60A 

Titanium 

6AI-4V 

Melting  Temperature 
(K) 

750-910 

795-910 

1810-1920 

Density 

(kg/mO 

2800 

1830 

4470 

Thermal  Conductivity 
(W/m-K) 

121-182 

(280-590K) 

121-132 

(310-560K) 

7-18 

(310-1140K) 

Specific  Heat 
(J/kg-K) 

835-1045 

(300-590K) 

1045-1340 

(370-750K) 

565-837 

(310-1030K) 

Yield  Tensile  Strength 
(10^  Pa) 


4.8  (310  K)  3.6(293K) 
0.5  (590  K)  1.0(500K) 


10.2  (310  K) 
1.8  (1140K) 


ALLOY  VARIATION  EXPERIMENTS 


EXPERIMENT  NO. 

HS  1062 

HS  1063 

HS  1064 

HS  1065 

HS  1066 

Body  alloy 

Al 

Al 

Ti 

Mg 

Ti 

Nose  alloy 

Al 

Ti 

Al 

Mg 

Ti 

Total  Mass  (g) 

76.85 

86.63 

100.95 

107.16 

108.70 

Tube  Fill  Pressure  (Pa) 

5.0(10®) 

5.1(10®) 

5.1(10®) 

5.2(10®) 

5.1(10®) 

Max.  Velocity  (m/s) 

2070 

2100 

1850 

1510 

2046 

Unstart? 

Yes 

Yes 

Yes 

Yes 

No 

VELOCITY  HISTORIES 

Single-Stage  Ram  Accelerator 


Time  (ms) 


FLUID  DYNAMICS  SOLVER 


Yee-Klopfer-Montagne  Scheme 

•  Implicit 

•  2-D  or  Axisymmetric  Unsteady  Navier-Stokes  Equations 

•  Second-Order  Accuracy  in  Space  and  Time 

Polynomial  Model  of  Enthalpy  (Non-calorically  perfect) 

Baldwin-Lomax  Turbulence  Model  (Eddy  viscosity) 

=  ttL  + 

k  =  /C|^  +  k-j 


HEAT  CONDUCTION  SOLVER 

Alternating  Direction  Implicit  Scheme 

•  Implicit 

•  2-D  or  Axisymmetric  Unsteady  Heat  Equation 

•  Second-Order  Accuracy  in  Space  and  Time 


SUPERSONIC  CONVERGING  DUCT 

Pressure  contours 


ANALYTICAL  SHOCK  POSITION 


CFD  vs.  Analytic  Solution 


Region 

Parameter 

Analytical  Solution 
(constant  Cp) 

CFD  Solution 
(thermally 
perfect  gas) 

2 

Mach  Number 

2.743 

2.739 

Pressure  (Pa) 

1.103(10^) 

1.100(10^) 

Density  (kg/m^) 

100.1 

99.59 

Temperature  (K) 

371 

372 

3 

Mach  Number 

2.293 

2.292 

Pressure  (Pa) 

2.154(10^) 

2.145(10^) 

Density  (kg/m^) 

160.1 

159.2 

Temperature  (K) 

453 

454 

Shock  angle  (degrees) 


SUPERSONIC  CONICAL  FLOW 

Comparison  of  conical  shock  angles 

90 

80 

70 

60 

50 

40 

30 

20 

10 

0 

1  2  3  4  5 

Mach  Number 


ISOTHERMAL  FLAT  PLATE 


Schematic  of  Test  Configuration 


Pr=  1,  Cp=  constant,  k=  constant 


Laminar  Flow  Test  Case 

Gas  =  air 
Tpiate  =  586.4  K 
7^  =  293.2  K 

=  1376  m/s  (Mach  4) 


ISOTHERMAL  FLAT  PLATE 

CFD  and  Van  Driest  Solutions  -  Laminar  Flow 


Velocity  profile  (0.5  m  from  front  of  plate) 


Temperature  profile  (0.5  m  from  front  of  plate) 


TEMPERATURE  (K) 


ISOTHERMAL  FLAT  PLATE 

CFD  Solution  vs.  Pappas  Data  -  Turbulent  Flow 

Test  Conditions 

Gas  =  air 
Mach  2.27 

70  =  118°  F  (320.9  K) 

7J7e  =  2.19 

Po  =  30  psia  (2.069x10^  Pa) 

Mach  Number  Profiie  in  Turbuient  Boundary  Layer 


14 

12 


■  Experimental  data  (Pappas) 

-  CFD  (turbulent) 

-  CFD  (laminar) 


UNSTEADY  HEAT  CONDUCTION 

Test  Case  -  Semi-Infinite  Slab 

T’wall  =  600  K 
initial  =  1 00  K 
k  =  1  W/m^-s 
p  =  1  kg/m^ 

C  =  1  J/kg-°s 
a  =  1  m^/s 

Comparison  of  Analytic  and  Computed  Temperatures 


ANALYSIS  OF  STRUCTURAL  INTEGRITY 

FRED  Finite  Eiement  Program 

Inputs 

External  pressure  distribution 
Temperature  distribution 

Output 

Principal  stresses 

Von  Mises  Yield  Criterion 

(0^  -  Gg)  ^  +  (Og  -  03)  2  +  (03  -  0^  )  2  =  202^,^ 


Nondimensional  Yield  Parameter 


“Yield  Parameter” 


HYDROSTATIC  PRESSURE  TEST 

standard  IVIachinist  IVIagnesium  Nose 
P  =  8800  psl 


YIELD 

PARAMETER 


0  0,125  0.25  0.375  0.5  0.625  0.75  0.875  1 


PHYSICAL  REGION  OF 
COMPUTATIONAL  DOMAIN 


Computational 

Domain 


assiiis 

Bmm 


TEMPERATURE  DISTRIBUTION 

HS  1062  (Al  nose,  Al  body) 


t  =  4.5935  ms  (time  of  ynstart) 


SURFACE  TEMPERATURE  AND 
NORMAL  HEAT  FLUX 

HS  1062  (Al  nose,  Al  body) 


- Aluminum  melting  temperature 

-\  \  \^\^5935  ms  (unstart) 

_\  \  4  rns^^^\^ 

Bow 

\  \  3  ms\.,,^^ 

Shock 

Reflection 

■  1  rns~  '  " - — JT  — — 

r- - ^  ■ 

_ c - 

DISTANCE  ALONG  SURFACE  (m) 


4.0x10 


2.0x10 


HS  1062 

Bow 

Shock 

Reflection 

4.5935  ms^ _ - 

- 

0.06  0.08 
DISTANCE  ALONG  SURFACE  (m) 


R  (m) 


ELD  PARAMETER  DISTRIBUTION 

HS  1 062  (Al  nose,  Al  body) 


YIELD  ■ 
PARAK/IETER  o 


0.070  0.080  0,090 


PARAMETER  0 


t  =  4.5935  ms 
(unstart) 


0.050  0.060  0,070  0.080  0.090 


o  o 


YIELD  PARAMETER  DISTRIBUTION 

Tip  of  Nose  at  End  of  Simulation  of  HS  1062 


0.000  0.005  0.010  0.015  0.020  0,025 

X(m) 


(W/m^)  TEMPERATURE  (K) 


SURFACE  TEMPERATURE  AND 
NORMAL  HEAT  FLUX 

HS  1 066  (Ti  nose,  Ti  body) 


5  ms 


v^JTTS 

1  ms 
0  ms 


4.0x10" 


3.0x10" 


O  2.0x10® 


1.0x10" 


HS1066 


Shock 

Reflection 

9.3745  ms  (exit  from  tube)  ; 

9  ms 

8  ms 


7  ms 


6  ms_ 


5  ms 


- - 1 

Slrir 

7ni  ^ 


0.0x10" 


DISTANCE  ALONG  SURFACE  (m) 


TEMPERATURE  DISTRIBUTION 

2.5  mm  Radius  Nose  Tip 


(W/m")  TEMPERATURE  (K) 


SURFACE  TEMPERATURE  AND 
NORMAL  HEAT  FLUX 

2.5  mm  Radius  Nose  Tip 


1'^  (rn) 


YIELD  PARAMETER  DISTRIBUTIO 

2.5  mm  Radius  Nose  Tip  at  End  of  Simulation 


YIELD  11 
PARAMETER  0 


0.002  f 


(W/m^)  TEMPERATURE  (K) 


SURFACE  TEMPERATURE  AND 
NORMAL  HEAT  FLUX 

1 5°-Angle  Nose 


Aluminum  melting  temperature 


4.5935  ms 


Shock 

Reflection 


4.0x10 


HS  1062-15°  Nose 


DISTANCE  ALONG  SURFACE  (m) 


HS  1062-15°  Nose 


J  3.0x10 


Shock 

Reflection 


4.5935  ms 


3  ms_ 


4  ms 


0  ms 


DISTANCE  ALONG  SURFACE  (m) 


YIELD  PARAMETER  DISTRIBUTI 

Tip  of  15°-Angle  Nose  at  End  of  Simulation 


YIELD  i 
'ARAMETER  0 


0.006 

0.005 

0.004 

0.003 

0.002 

0.001 


R  (rt)) 


TEMPERATURE  DISTRIBUTION 

Expanded  View  of  Titanium-Coated  Aluminum  Nose 


3.0008 


Uuuo 


Tip  of  Uncoated  Aluminum  Nose  at  End  of  Simulation 


0.004  t 
0.003  I 
0.002 
0.001  I 


rigure  8: 


Temperature  contours  .in  tip  of  uncoated  nose  ot 
aiumlnum  projectile  5,5335  ms  after  start  of 
simulation  (time  of  unstait  of  HS  1064). 


liPsSKSli 


m 


E(K) 


SURFACE  TEMPERATURE  AND 
NORMAL  HEAT  FLUX 

Titanium-Coated  Aluminum  Nose 


TEMPERATURE  (K) 


TEMPERATURE  BETWEEN 
TITANIUM  AND  ALUMINUM 

Titanium-Coated  Aluminum  Nose 


800 


600 


400 


200 


0 
0. 

DISTANCE  ALONG  SURFACE  (m) 


YIELD  PARAMETER  DISTRIBUTION 

Tip  of  Titan ium-Coateci  Aluminum  Nose  at  End  of  Simulation 


SUMMARY 


Experimental  Data 

•  Series  of  pairs  of  experiments  compare  projectiles  with  different  nose  alloys 

•  Projectiles  with  titanium  alloy  noses  generally  attain  a  higher  peak  velocity,  and 
survive  for  longer  periods  of  time  at  high  velocity,  than  standard  projectiles  with 
aluminum  alloy  noses. 

•  Results  imply  that  maximum  attainable  velocity  is  greatly  influenced  by 
differences  in  alloy  properties 


Numerical  Simulations 

•  Computer  program  combines  turbulent  viscous  flow  solver  and  heat  conduction 
solver  to  couple  solutions  of  flow  in  gas  and  temperature  in  solid 

•  Temperature  histories  of  projectiles  were  reconstructed  from  velocity  histories  of 
laboratory  experiments 

•  Aluminum  projectile  nose  tips  reach  melting  point  and  probably  erode  into  a 
blunt  configuration 

•  Even  blunted  aluminum  noses  reach  the  melting  point. 

•  Titanium  nose  tips  do  not  reach  melting  point  and  thus  are  much  less  likely  to 
erode,  remaining  sharp 

•  Projectile  noses  with  larger  cone  half-angles  are  shown  to  likely  experience  even 
worse  tip  erosion  than  standard  noses 

•  Steel  noses  would  resist  heat  better  than  aluminum  noses,  but  may  be  too 
massive 

•  Titanium-clad  aluminum  noses  would  be  lightweight  and  resistant  to  melting 
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UNIQUE  CONCEPTS 


Ram  Accelerator  Operation  With  Hollow  Projectiles 

A.  Sasoh  *  A.  J.  Higgins  |  C.  Knowlen^and  A.  P.  Bruckner^ 


Aerospace  and  Energetics  Research  Program 
University  of  Washington 
Seattle,  Washington  98195 


A  ram  accelerator  is  characterized  by  its  potential  of  launching  a  heavy  payload  at  high 
speeds.  This  potential  is  basically  owing  to  the  fact  that  pressure  is  always  highest  immediately 
behind  a  projectile,  and  encourages  one  to  apply  this  technology  to  a  space  launcher, a 
hypersonic  ground  test  facilityt^J  and  hypervelocity  impact  experiment,  etc.  The  concept  of  a 
ram  accelerator  was  developed  and  experimentally  validated  by  University  of  Washingtont^l, 
being  experimentally  followed  by  ARL^d  and  who  showed  that  the  scaling-up  of  a  ram 

accelerator  was  feasible.  However,  in  order  to  realize  the  above  applications,  the  performance 
of  the  apparatus  needs  to  be  further  improved. 

A  key  for  the  further  improvement  is  to  better  understand  the  flow  field  in  a  ram  accelerator. 
With  a  conventional  center-body  projectile,  due  to  the  existence  of  fins,  the  flow  field  around 
the  projectile  is  three  dimensional  and,  being  combined  with  combustion  and  turbulence  etc., 
is  considerably  complicated.  So  far  neither  experimental  diagnostics  nor  computational  fluid 
dynamics  has  not  yet  become  successful  in  thoroughly  understanding  the  relevant  flow  field.  If 
possible,  simplification  of  the  flow  field  will  promote  the  understandings  to  a  large  extent. 
tested  ram  accelerator  operation  with  an  axisymmetric  projectile  supported  by  raUs  installed 
on  the  tube.  Although  the  configuration  of  the  projectile  itself  was  axisymmetric,  the  flow  field 
with  the  rails  was  still  three  dimensional. 

One  way  to  obtain  axisymmetric  flow  passage  is  to  use  a  hollow  projectile;  supporting 
the  projectile  by  its  cylindrical  body,  it  does  not  need  fins.  Recently,  a  hollow  projectile 
attracts  attention  also  in  developing  an  oblique  detonation  wave  engine  In 

*  Visiting  ScIloIelt;  currently  Associate  Professor,  Shock  Wave  Research  Center,  Institute  of  Fluid  Science, 
Tohoku  University,  2-1-1  Katahira,  Aoba-ku,  Sendai  980-77,  Japan,  Member  AIAA 
^Graduate  Student  ,  Student  Member  AIAA 
^Research  Associate,  Member  AIAA 
^Professor,  Associate  Fellow,  AIAA 
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an  ODWE,  the  motion  of  a  projectile  produces  a  thrust  in  free  space.  The  projectile  should 
coast  at  speeds  higher  than  the  detonation  speed  of  the  mixture.  Because  a  projectile  flies  in 
an  open  space,  hollow  configuration  is  suitable  for  producing  a  large  thrust.  In  spite  of  the 
above-mentioned  differences  between  a  ram  accelerator  and  an  oblique  detonation  wave  engine, 
technologies  developed  in  hollow  projectile  ram  accelerator  operation  are  transferable  to  those 
for  an  obhque  detonation  wave  engine.  Also,  the  relevant  phenomena  are  closely  related  to 
ram/scramjet  studies.  In  this  study,  ram  accelerator  operation  with  hollow  projectiles  are 
experimentally  investigated. 

Experimental  Apparatus 

The  hollow  projectiles  shown  in  Figs,  la  and  b  were  used  in  this  study.  They  are  made  of 
7075T061  aluminum  alloy.  The  outer  diameter  of  the  projectiles  is  38.0  mm,  which  is  0.1  mm 
smaller  than  the  tube  diameter.  The  projectiles  have  a  10-degree  inverse  cone  section  upstream. 
In  order  to  avoid  damage  from  rupturing  diaphragms,  the  apex  angle  of  the  inverse  cone  at 
the  lip  is  made  large  -  30  degrees.  The  cross-sectional  area  ratio  of  a  throat  to  the  tube  is 
0.41,  equaling  that  for  a  conventional  center-body  projectile.t^'^l  The  downstream  section  is  a 
diverging  inverse  cone  which  is  truncated  by  a  base.  The  cross-sectional  area  ratio  of  the  flow 
passage  at  the  base  to  the  tube  also  equals  that  for  the  conventional  projectile  with  fins  being 
taken  into  account.  A  magnetized  plastic  ring  is  installed  into  the  groove  on  the  side  of  the 
projectiles.  The  Projectile  A  and  B  weigh  0.105  kg  and  0.095  kg,  respectively. 

The  experiments  were  conducted  using  the  ram  accelerator  at  Aerospace  and  Energetics 
Research  Program,  University  of  Washington. It  has  a  38.1-mm-bore  ram  acceleration 
tubes.  In  this  study,  the  total  length  of  the  ram  acceleration  test  section  was  8  m.  A  projectile 
is  pre-launched  by  a  single  stage  Helium  gun  up  to  a  speed  ranging  from  1000  m/s  to  1250 
m/s.  The  projectile  speed  was  measured  through  the  time  of  flight  method  by  sensing  magnetic 
inductions  produced  by  the  movement  of  the  magnetized  ring  on  the  projectile.  The  pressure 
histories  on  the  tube  were  measured  by  pressure  transducers  (PCB  119M44).  Both  the  magnetic 
sensors  and  pressure  transducers  were  installed  respectively  by  a  separation  of  0.4  m  from  each 
other.  The  luminosity  of  light  emitting  from  high  temperature  chemically  reacting  gas  was 
measured  through  optical  fibers  and  photo  diodes. 

Results  and  Discussion 

Operation  conditions  and  resulting  Af/p  are  summarized  in  Table  1.  As  is  seen  in  the  data 
from  No.  5  to  7  and  9  to  11,  there  exist  appropriate  range  of  Upo  for  obtaining  a  positive 
acceleration.  For  a  high-Q  mixture,  an  excessively  high  transition  speed  resulted  in  immediate 
unstart  (No.  1  and  11).  The  combination  of  a  low-Q  and  a  low  Upo  yielded  supersonic  coasting 
without  combustion  (No.  4  and  5). 

Figure  2  shows  the  example  of  the  projectile  velocity  histories  of  the  shots  No.  1,  2  and  4  in 
Table  1.  For  Y  =3.0  (No.  2  in  Table  1),  when  the  projectile  enters  the  ram  acceleration  section, 
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the  mixture  is  ignited  behind  the  projectile,  producing  high  pressure  of  the  order  of  30  MPa. 
The  combustion  region  is  well  identified  by  the  history  of  luminosity  and  agrees  well  with  that 
identified  with  the  pressure  history.  The  projectile  is  accelerated  up  to  x=  2.6  m.  A  velocity 
gain  AC/p  of  108  m/s  was  obtained.  At  ar=3.0  and  further,  the  pressure  histories  indicates  the 
occurrence  of  unstart  -  a  shock  wave  disgorges  over  the  projectile,  which  is  decelerated  by  the 
high  pressure  behind  the  shock  wave. 

For  y=4.0  (No.  4  in  Table  1),  the  mixture  is  not  ignited.  After  entering  the  ram  acceleration 
section,  the  supersonic  diffuser  operation  is  made  -  the  projectile  coasts  with  supersonic  flow 
passing  through.  The  drag  over  the  projectile  is  relatively  small.  At  about  900  m/s,  a  normal 
shock  appears  in  front  of  the  projectile.  Behind  the  shock  wave  the  flow  becomes  subsonic, 
resulting  in  failure  of  the  supersonic  diffuser  operation.t^^l  After  this  gasdynamic  unstart,  the 
drag  increased.  The  kink  at  ®=4.6  in  Fig.  2  corresponds  to  this  transition  of  the  operation 
mode.  For  X  =  2.5  (No.  1  in  Table  1),  due  to  rapid  heat  release  by  combustion,  unstart  occurs 
immediately  after  entering  the  ram  acceleration  section. 

For  the  operation  condition  of  No.2  in  Table  1 ,  from  the  ram  accelerator  Hugoniot  theory,t^^J’f^^l 
the  non-dimensional  thrusts  Fj{piAt)  are  estimated  to  be  3.5  and  2.7  for  f/po=1170  m/s  and 
1270  m/s,  respectively.  However,  the  mean  value  of  the  measured  non-dimensional  thrust  is 
2.0  -  much  smaller  than  the  theoretical  value.  A  simple  calculation  shows  that  if  a  pressure  of 
30  MPa  is  exerted  only  on  the  inside  of  the  projectile  its  outer  diameter  increases  by  0.15  mm, 
which  is  comparable  with  the  clearance  between  the  projectile  and  the  tube  wall.  Therefore, 
under  such  high  pressure,  friction  force  against  the  tube  wall  due  to  this  expansion  is  not  neg¬ 
ligible  in  thrust  production.  Moreover,  it  is  seen  form  No.  5  to  7  and  9  to  11  that  the  peak 
velocity  depends  on  U^.  In  the  clearance  between  the  projectile  and  the  tube  wall  the  effect 
of  viscosity  is  so  large  that  the  static  temperature  is  increased  due  to  the  viscosity  and  the 
mixture  can  be  ignited  there. 

In  order  to  solve  these  problems  associated  with  the  clearance,  it  is  preferable  to  increase  the 
clearance.  However,  increasing  the  clearance  makes  the  projectile  attitude  unstable.  Further 
study  should  be  focused  on  solving  this  problem. 

Summary 

In  this  study,  with  the  hollow  projectiles  positive  acceleration  is  obtained.  This  encourages 
further  study  on  improving  the  performance  of  the  hollow  projectile  ram  accelerator  along 
with  that  on  the  development  of  an  oblique  detonation  wave  engine.  In  accelerating  hollow 
projectiles,  one  needs  to  solve  gasdynamic  and  structural  problems.  The  gasdynamic  problems 
are  based  on  the  fact  that  with  the  same  apex  angle  a  shock  wave  generated  at  the  leading 
edge  is  stronger  for  a  hollow  projectile  than  for  a  center-body  one.  This  makes  the  operational 
regime  for  a  hollow  projectile  narrow.  The  mixture  and  the  entry  speed  must  be  carefully 
determined.  The  design  of  the  projectile  tip  must  be  carefully  made  in  order  both  to  maintain 
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the  integrity  of  the  leading  edge  of  the  hollow  projectile  against  diaphragm  rupture  and  to  keep 
the  shock  wave  weak  enough  to  obtain  ram  acceleration. 
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Table  1  Operation  conditions  and  resulting  AUp  in  the  experiment; 
XCH4+202+rC02,  Pi=2.5MPa,  no  positive  acceleration 


No. 

X 

Y 

Projectile 

U,o 

(m/s) 

AC/p 

(m/s) 

1 

2.8 

2.5 

A 

1160 

- 

2 

2.8 

3.0 

A 

1166 

108 

3 

2.8 

3.0 

B 

1174 

62 

4 

2.8 

4.0 

A 

1162 

- 

5 

1.5 

4.5 

B 

1013 

- 

6 

1.5 

4.5 

B 

1090 

59 

7 

1.5 

4.5 

B 

1177 

71 

8 

1.5 

4.5 

A 

1163 

15 

9 

1.5 

4.0 

B 

1020 

67 

10 

1.5 

4.0 

B 

1088 

44 

11 

1.5 

4.0 

B 

1184 

- 
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ABSTRACT 

The  present  paper  presents  the  results  of  recent  developments  in  the  research  on  the  External  Propulsion 
Accelerator  (EPA).  This  research  is  motivated  by  the  fact  that  the  chemical  propellants  are  about  three  order 
of  magnitude  more  compact  in  weight  and  size  than  electromagnetic  energy  production  and  storage  systems. 
Therefore,  there  is  great  interest  in  developing  accelerators  of  hypervelocity  projectiles  using  chemi^ 
propellants.  There  are  two  methods  for  in-tube  chemical  accelerators  utilizing  premixed  gaseous  detonative 
mixtures;  the  Ram  Accelerator  (RA)  and  the  External  Propulsion  Accelerator  (EPA).  These  in-tube  chemical 
launchers  for  accelerating  projectiles  to  hypervelocity  utilize,  in  the  superdetonative  mode  of  operation,  the 
possibilities  of  generating  continuous  thrust  initiating  detonation  in  the  premixed  fuel/oxidizer  mixture  by 
shock  wave  interactions.  The  first  method  proposed  for  an  in-tube  chemical  launcher  was  the  Ram 
Accelerator  (RA),  originated  and  developed  by  A.  Hertzberg  and  his  colleagues  at  the  University  of 
Washington.  The  second  method  for  operating  the  chemical  in-mbe  accelerator  is  based  on  the  utilization  of 
the  external  propulsion  cycle,  proposed  by  J.  Rom  at  the  Technion-Israel  Institute  of  Technology.  In  the 
External  Propulsion  Accelerator  (EPA)  the  projectile  is  fired  into  the  launcher  tube  which  is  fiUed  with 
premixed  fuel/oxidizer  mixture,  however,  here  the  projectile  diameter  is  much  smaller  than  the  tube  diameter 
(about  25%)  so  that  there  is  no  interaction  between  the  flow  over  the  projectile  and  the  tube  wall  over  the 
complete  length  of  the  projectile.  In  this  case  the  detonation  is  established  by  aerodynamic  means  on  ^e 
projectile,  such  as  a  forward  facing  step  on  the  projectile  shoulder  or  by  the  blunt  leading  edge  of  a  ring  wing 
positioned  on  the  center/rear  part  of  the  projectile.  By  the  interactions  of  the  detonation  wave  with  the  nose 
shock  wave  an  'fextemal  combustion  chamber”  is  produced.  This  aerodynamically  confined  region  which  is 
filled  with  the  hot  chemical  reaction  products  is  then  expanded  on  the  rear  part  and  into  the  base  region  of 
the  projectile,  producing  thrust  on  the  projectile.  In  this  paper  we  present  some  investigations  of  the 
operational  performance  limits  of  the  Ram  and  the  External  Propulsion  Accelerators  using  an  energy  balanre 
analysis.  The  energy  balance  anafysis  is  applied  to  evaluate  the  maximum  velocity  which  can  be  achieved  in 
the  in-tube  accelerators  when  the  available  chemical  reaction  energy  is  utilized.  It  is  shown  that  the 
mavimiim  velocity  of  the  projectile  in  the  RA  is  limited,  due  to  the  hi^  drag  caused  by  the  choking,  to  atout 
1.3  the  detonation  velocity  while  the  maximum  velocity  of  the  projectile  in  the  EPA  can  reach  up  to  6  times 
the  detonation  velocity.  Then  the  results  of  numerical  simulation  of  the  flow  over  projectile  configurations 
and  some  performance  parameteis  of  the  EPA  are  presented.  The  applications  of  the  EPA  to  ground  test 
farihtiffs  such  as  a  launcher  for  a  hypersonic  range  and  as  a  facility  for  combustion  research  in  scramjet 
engines  are  discussed.  The  use  of  the  EPA  as  a  single  stage  to  orbit  launcher  is  also  considered. 
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INTRODUCTION 

The  present  paper  presents  the  results  of  recent  developments  in  the  research  on  the  External  Propulsion 
Accelerator  (EPA).  This  research  is  motivated  by  the  feet  that  the  chemical  propellants  are  about  three  order 
of  magnitude  more  compact  in  weight  and  size  than  electromagnetic  energy  production  and  storage  systems. 
Therefore,  there  is  great  interest  in  developing  accelerators  of  hypervelocily  projectiles  using  chemical 
propellants.  There  are  two  methods  for  in-tube  chemical  accelerators  utilizing  premixed  gaseous  detonative 
mixtures;  the  Ram  Accelerator  and  the  External  Propulsion  Accelerator.  These  in-tube  chemical  launchers 
for  accelerating  projectiles  to  hypervelocity  utilize,  in  the  superdetonative  mode  of  operation,  the  possibilities 
of  generating  continuous  thrust  by  initiatiag  detonation  in  the  premixed  foel/oxidizer  mixture  by  shock  wave 
interactions.  The  first  method  proposed  for  an  in-tube  chemical  launcher  was  the  Ram  Accelerator,  originated 
and  developed  by  A.  Hertzberg  and  his  colleagues  at  the  University  of  Washington  (Ref  1).  The  concept  of 
the  Ram  Accelerator,  operating  in  the  superdetonative  mode,  is  based  on  utilization  of  the  scramjet  cycle, 
where  the  projectile  acts  as  a  firee  centerbo^  and  the  tube  as  an  extended  cowling  (Fig.  1).  The  sharp  nosed 
projectile  diameter  is  slightly  less  (typically  70%  to  80% )  than  the  tube  diameter,  therefore,  the  nose  shock 
wave  is  reflected  firom  tiie  tube  wall  into  the  projectile  centerbo<fy.  Under  proper  conditions  this  reflected 
shock  wave  initiates  a  detonation  process  so  that  when  the  products  of  the  chemical  reactions  are  expanded 
on  the  rear  part  of  the  projectile,  thrust  is  generated. 

Another  method  for  operating  the  chemical  in-tube  accelerator  is  based  on  the  utilization  of  the  external 
propulsion  cycle,  proposed  by  Rom  (Ref  2).  In  the  External  Propulsion  Accelerator  the  projectile  is  fired  into 
the  launcher  tube  which  is  filled  with  premixed  foel/oxidizer  mixture,  however,  here  the  projectile  diameter  is 
much  smaller  than  the  tube  diameter  (about  25%)  so  that  there  is  no  interaction  between  the  flow  over  the 
projectile  and  the  tube  wall  over  the  complete  length  of  the  projectile  (Fig.  2).  In  this  case  the  detonation  is 
established  by  aerodynamic  means  on  the  projectile,  such  as  a  forward  feeing  step  on  the  projectile  shoulder 
or  by  the  blunt  leading  edge  of  a  ring  wing  positioned  on  the  center/rear  part  of  the  projectile.  By  the 
interactions  of  the  detonation  wave  with  the  nose  shock  wave  an  ‘bxtemal  combustion  chamber”  is  produced. 
This  aerodynamically  confined  region  which  is  fiUed  with  the  hot  chemical  reaction  products  is  then 
ejq)anded  on  the  rear  part  and  into  the  base  region  of  the  projectile,  producing  thrust  on  the  projectile. 

Some  characteristics  of  the  EPA  and  various  applications  are  discussed  in  Refs.  3,  4,  and  5.  The  CFD 
calculations  indicate  that  it  is  possible  to  establish  and  stabilize  a  combustion-detonation  front  on  projectiles 
of  various  geometry  flying  at  hypersonic  speeds  in  detonable  gas  mixtures.  The  characteristics  of  the 
hypersonic  combustion-detonation  on  the  projectiles  in  the  External  Pr<q)ulsion  Accelerator  are  also  relevant 
to  the  Oblique  Detonation  Wave  engine,  the  Ram  Accelerator  and  various  scramjet  engines.  Certain 
characteristics  of  the  EPA  were'  presented  in  Refe.  6,  and  7.  Some  analytical  investigatiqns,  based  on  many 
simplifying  assumptions,  for  the  establishment  of  combustion  firont  ahead  of  the  forward  feeing  step  and  on 
spherical  nosed  blunt  bodies  in  hypersonic  flows  of  detonable  mixtures,  including  the  studies  of  the 
oscillations  that  may  occur  were  investigated  by  Tivanov  and  Rom  (Ref  8, 9  and  10). 

In  this  paper  we  present  some  investigations  of  the  operational  performance  limits  of  the  Ram  and  the 
External  Propulsion  Accelerators  using  an  energy  balance  analysis.  The  energy  balance  analysis  is  applied  to 
evaluate  the  maximum  velocity  which  can  be  achieved  in  the  in-tube  accelerators  when  the  available 
chemical  reaction  energy  is  utilized.  It  is  shown  that  the  maximum  velocity  of  the  projectile  in  the  RA  is 
limited  due  to  the  high  drag  caused  by  the  choking,  to  about  1.3  the  detonation  velocity  while  the  maximum 
velocity  of  the  projectile  in  the  EPA  can  reach  up  to  6  times  the  detonation  velocity.  Then  the  results  of 
numerical  simulation  of  the  flow  over  projectile  configurations  and  some  performance  parameters  of  the 
External  Propulsion  Accelerator  are  presented.  The  applications  of  the  EPA  to  ground  test  fecilities  such  as  a 
launcher  for  a  hypersonic  range  and  as  a  facility  for  combustion  research  in  scramjet  engines  are  discussed. 


AN  ENERGY  BALANC3E  ANALYSIS  FOR  THE  DETONATION  DRIVEN  PROJECTILE  IN  THE  IN¬ 
TUBE  CHEMICAL  ACCELERATORS 

The  performance  limits  of  the  in-tube  chemical  accelerators,  the  RA  and  EPA,  can  be  evaluated  using  an 
energy  balance  analysis.  In  this  analysis  we  equate  the  energy  of  the  chemical  reaction  with  the  drag  work  of 
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the  flying  projectile.  Using  the  energr  required  to  initiate  detonation  is  used  to  determine  the  minimum 
projectile  velocity  which  is  needed  to  initiate  the  detonatioa  While  utilizing  the  total  energy  available  in  the 
mixture  will  determine  the  maxinuim  velocity  of  the  projectile. 


A.  The  Minimum  Projectile  Velocity  Required  to  Initiate  Detonation 


The  tniniTTinTn  velocity  of  the  projectile  flying  in  the  Ram  Accelerator  (RA)  or  in  the  External  Propulsion 
Accelerator  (EPA)  heeded  to  initiate  detonation  can  be  evaluated  by  equating  the  energy  required  to  initiate 
detopatinn  in  the  fuel/oxidizer  mixture  with  the  drag  work  of  the  flying  projectile,  as  presented  in  Ref.  12. 
The  energy  for  the  initiation  of  detonation  by  the  hypervelocity  projectile  is  evaluated  by  the  use  of  the  blast 
wave  analogy  (Ref.  12).  It  is  shown  in  Ref.  12  that  for  the  flow  of  the  fuel/oxidizer  mixture  at  hypersonic 
velocity  over  the  projectile  in  the  EPA,  as  illustrated  in  Fig.  2,  the  minimiun  Mach  number  for  the  initiation 
of  detonation  on  a  projectile  with  a  forward  facing  step  can  be  evaluated  by 


H 


-^  =  2i04-7 
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(1) 


Where  d  is  the  projectile  diameter,  the  step  height  is  H  (where  H/d  «  1),  D  is  the  Chapman- Jouguet 
detonation  speed  and  t,  is  the  reaction  time.  Since  typical  H/d  values  can  be  1/30  and  smaller  ,  Dxr  /H 
should  be  less  than  1  (probably  in  the  range  of  1/3  to  1/5)  for  detonation  to  occur  and  Costep  ,  the  drag 
coefficient  for  a  forward  facing  step  is  about  1.  Therefore,  introducing  these  values  into  Eq.  1,  the  minimum 
projectile  velocity  that  produces  energy  to  balance  the  critical  initiation  energy  for  detonation  is  evaluated  to 
be  much  below  the  detonation  velocity.  Since  the  projectile  in  the  EPA  is  expected  to  fly  well  above  the 
<1ptf>narinn  speed  then  there  is  no  problem  of  securing  the  energy  required  to  initiate  the  detonation  both  in 
the  step  and  also  the  ring  wing  configurations. 

This  energy  balance,  presented  in  Eq.  1,  is  also  applicable  to  the  projectile  in  the  RA.  In  this  case,  the  drag 
coefficient  is  equated  with  that  of  the  drag  of  the  projectile  including  the  effects  of  the  interaction  between  the 
projectile  and  the  tube  wall  and  the  reference  area  is  the  cross  section  of  the  projectile  body.  As  the  projectile 
speed  increases  the  drag  force  on  the  projectile  increases  so  as  to  provide  the  energy  for  initiation  of  the 
f^pfftnatinn  At  the  lower  initial  speeds  the  required  drag  is  provided  by  the  perforated  piston  orbutrator  which 
is  used  in  the  RA  for  initiation  of  the  process. 


B.  The  Maximum  Projectile  Velocity  in  the  In-Tube  Chemical  Accelerators. 

It  is  obvious  that  the  flow  as  well  as  the  combustion  process  are  very  different  in  the  cases  of  the  RA  and  in 
the  EPA,  however,  in  both  cases  the  work  done  by  the  drag  force  acting  on  the  hypervelodty  projectile  is 
balanced  Ity  the  energy  released  by  the  detonating  gas  mixture. 

1 .  Maximum  velocity  of  the  projectile  in  the  EPA 

Following  the  discussion  in  Ref.  12,  the  maximum  velocity  is 


(2) 


and  following  Lee  ^f.  13),  we  can  assume  a  value  of  2/3  for  ric  (assuming  high  combustion  temperature  of 
3000°  K  and  low  temperature  of  1000°  K).  In  Eq.  2,  p  is  defined  as  the  ratio  of  the  outside  diameter  of  the 
external  combustion  zone  to  the  projectile  diameter.  In  the  EPA  the  thickness  of  the  external  combustion 
layer  varies  as  a  function  of  the  flow  Mach  number.  It  was  found  from  the  numerical  calculations,  which  are 
reported  in  part  in  Refs.  3, 11  that  for  the  32  mm  diameter  projectile  with  a  1  mm  step  the  combustion  layer 
thickness  varies  from  3  step  heights  at  Mach  number  5  to  5.5  step  heights  at  Mach  number  6  and  to  17  step 
heights  at  Mach  number  10.  The  value  of  Cd  for  the  cone  with  the  1  mm  step  is  about  0.26-0.28  for  Mach 
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numbers  above  5  (for  cone-cy^linder  without  the  step  the  drag  coefficient  is  about  0,07-0.08).  Then,  using  Eq. 
2,  the  TnaximiiTTi  projectile  velocity  can  be  about  1.9  times  the  detonation  velocity  at  Mach  number  5,  about 
2.1  times  the  detonation  velocity  at  Mach  number  6  and  about  3.3  times  the  detonation  velocity  at  Mach 
number  10.  At  higher  flight  Mach  numbers  the  combustion  may  extend  to  the  tube  wall,  then  for  the  120  mm 
tube  with  the  32  mm  projectile  the  maximum  velocity  is  about  6  times  the  detonation  velocity,  which  is  well 
above  the  escape  velocity  to  orbit  into  space.  Therrfore,  when  the  projectile  is  injected  at  initial  velocity 
between  Mach  5  to  6,  only  about  21%  to  28%  of  the  energy  of  combustion  is  used  to  overcome  the  drag,  so 
that  about  72%  to  79%  of  the  combustion  energy  is  available  for  accelerating  the  projectile.  Actually  the 
available  combustion  energy  increases  as  the  Mach  number  increases,  reaching  to  about  90%  at  Mach 
number  10  and  will  be  even  higher  as  the  Mach  number  is  increased  further.  In  this  case  of  accelerating  the 
projectile  in  the  EPA  we  can  conclude  that  only  a  small  fraction  of  the  available  combustion  energy  which 
can  be  released  in  the  detonation  process  is  needed  to  overcome  the  drag  of  the  hypervelocity  projectile  and 
this  available  energy  can  be  used  for  accelerating  the  projectile  to  higher  hypervelocity.  Of  course  as  the 
projectile  velocity  increases  the  problems  of  heating  and  ablation  of  the  projectile  surfaces  and  the 
aerodynamic  and  acceleration  loads  on  the  projectile  structure  become  more  critical. 


2.  Maximum  Velocity  of  the  Projectile  in  the  RA 

The  maximum  velocity  of  the  projectile  in  the  RA  is  evaluated  using  a  similar  analysis  (Ref.  12).  Such 
evaluation  was  first  done  by  Lee  in  Ref.  13.  Lee  assumes  a  value  of  the  drag  coefficient  for  the  projectile 
flying  in  the  RA  tube  to  be  of  order  1,  Cd  =  0(1),  which  is  equal  to  the  drag  coefficient  of  a  blunt  body  at 
hypersonic  speeds.  So,  using  Eq.  2  with  y  =  1,4  and  p  =  1.5,  he  estimates  the  value  of  the  maximum  projectile 
velocity  to  be  about  1.3  times  the  detonation  velocity.  He  then  concludes  that  when  the  projectile  velocity  is 
equal  to  the  detonation  velocity  about  75%  of  the  available  energy  is  used  to  overcome  the  drag  so  that  only  a 
small  faction  of  the  energy  is  available  for  additional  acceleration  of  the  projectile.  This  result  is  in 
agreement  with  the  experimental  data  on  projectiles  obtained  in  the  RA  of  the  University  of  Washington.  The 
projectiles  tested  at  the  University  of  Washington  and  ARL,  as  presented  in  Refs.  1  and  11,  have  a  drag 
coefficient  of  about  0.2  -0.25  at  Mach  numbers  above  5  in  free  fhght  without  the  tube  wall  interference. 
However,  the  multiple  shock  wave  reflections  from  the  tube  wall  to  the  projectile  center-section  and  the  blunt 
leading  edges  of  the  fins  which  may  initiate  detonation  increase  the  drag  coefficient  of  the  projectile 
considerably  in  its  flight  in  the  accelerator  tube.  At  these  conditions  the  assumption  of  a  drag  coefficient  of 
about  1,  which  is  the  value  for  a  blunt  body,  seems  reasonable.  As  the  projectile  velocity  increases  the 
strength  of  the  reflected  oblique  shock  waves  increase  and  the  total  pressure  loss  in  the  shock  interference 
region  on  one  hand  provides  energy  for  the  initiation  of  the  detonation  but  on  the  other  hand  due  to  the 
extremely  high  drag  consumes  an  increasing  portion  of  the  available  reaction  energy  until  the  energy  required 
to  overcome  the  drag  force  will  be  larger  than  the  available  energy  from  the  chemical  reaction  and  we  will 
face  the  conditions  of  ‘hnstart”  if  the  projectile  will  deform  and  dismtegrate  or  it  will  exit  the  tube  at  this 
maviimiTn  velocity.  The  fact  that  the  ‘linstart”  is  obtained  at  about  1.15  to  1,2  the  detonation  velocity  is 
shown  in  Figs.  3a  and  3b,  based  on  the  data  of  Ref  14,  for  aluminum  projectiles.  Using  a  tilanium  projectile, 
which  did  not  deform,  the  maximum  velocity  is  obtained  and  the  projectile  flies  at  this  maximum  velocity  for 
the  last  3  meters  of  the  tube,  as  shown  in  Fig.  4.  This  maximum  velocity  is  1.2  the  detonation  velocity  and  is 
in  very  good  agreement  with  the  energy  analysis  value. 


THE  PERFORMANCE  OF  PROJECTILES  FLYING  AT  HYPERSONIC  SPEED  IN  THE  EXTERNAL 
PROPULSION  ACCELERATOR 

A  Description  of  the  External  Propulsion  Accelerator  (EPA) 

An  outline  of  an  EPA  fecility  is  presented  in  Fig.  5.  The  first  stage  of  the  EPA  facility  can  be  a  large  caliber 
smooth  bore  conventional  powder  gun  for  the  initial  acceleration  of  the  sabot-projectile/missile  payload. 
Since  the  projectile/missile  must  be  accelerated  to  velocities  higher  than  the  detonation  velocity  of  the 
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fiiel/oxidizer  mixture  in  the  accelerator  tube  (detonation  speeds  of  1000  m/sec  to  1500  m/sec),  we  require 
muzzle  exit  velocities  of  1300  m/sec  to  1800  m/sec  in  order  to  accommodate  various  mixture  compositions. 
These  muzzle  velocities  can  be  achieved  in  large  caliber  powder  guns  with  barrel  lengths  of  6  m  to  10  m. 

The  second  stage  must  be  a  sabot  separation  section.  There  are  various  methods  used  for  sabot  separation, 
mftohaniral  and/or  aerodynamic  methods,  which  can  be  utilized  in  this  design.  In  Fig.  5  a  sabot  stripper  plate 
is  used.  The  ‘fclean”  projectile/missile  flies  through  the  sabot  stripper  and  enters  at  a  velocity  which  is  higher 
than  the  detonation  velocity  into  the  fuel/oxidizer  mixture  in  the  accelerator  tube. 

The  third  stage  is  the  accelerator  section.  This  section  is  a  large  tube,  its  diameter  should  be  in  the  order  of  4 
times  the  projectile/missile  maxi  mum  diameter,  which  is  filled  with  various  premixed  gaseous  fuel  and 
oxidizer  mixtures.  Both  ends  of  the  accelerator  tube  must  be  sealed,  either  by  diaphragms  which  are  pierced 
by  the  flying  missile  or  by  quick  acting  valves  which  are  opened  in  synchronization  with  the  flying  missile, 
'litis  tube  can  be  divided  into  sections  closed  by  separating  diaphragms,  so  that  different  ntixtures  can  be 
filled  into  each  of  these  subsections.  In  this  way  mixtures  of  increasing  detonation  speeds  can  be  matched  to 
the  projectile/missile  velocity  as  this  velocity  increases  due  to  the  acceleration  of  the  projectile/missile  as  it 
flies  down  the  tube  through  these  sub-sections. 

The  tube,  in  this  case,  acts  only  as  a  containing  vessel  for  the  premixed  fiiel/oxidizer  atmosphere  through 
which  the  projectile/missile  flies.  The  tube  stmcture  must  be  designed  to  withstand  the  initial  mixture 
pressure  which  can  be  of  the  order  of  20  atm.  to  200  atm,  if  we  wish  to  use  the  tube  for  a  single  shot 
operation,  or  it  can  be  made  to  withstand  the  peak  pressures  experienced  after  the  passage  of  the  gun  blast 
and  the  explosion  of  the  remaining  mixture  after  the  passage  of  the  projectile/missile. 

At  the  exit  of  the  accelerator  section  the  projectile/missile  emerges,  after  piercing  the  exit  diaphragm,  at  its 
highest  velocity.  'The  exit  velocity  is  determined  by  the  thrust  which  is  generated  on  the  projectile/missile  and 
the  length  of  Ae  accelerator  section.  The  calculations  reported  in  Ref  3  indicate  that  thrust  levels  of  F/pA 
(where  F  is  the  thrust  force,  p  is  the  initial  pressure  in  the  tube  and  A  is  the  maximum  cross  section  of  the 
projectile/missile)  of  about  3  can  be  achieved.  This  thrust  level  can  be  increased  Ity  using  more  energetic  fuels 
and  by  optimising  the  projectile/missile  design.  This  thrust  level  is  sufficient  to  accelerate  reasonable  size 
projectile/missile  to  above  50,000  g’s.  We  use  this  acceleration  level  since  there  are  guidance  and  control 
systems  as  well  as  telemetering  units  hardened  to  operate  at  this  50  Kg’s  level.  The  added  velocity  at  the  exit 
of  the  accelerator  tube  as  a  function  of  the  tube  length  is  shown  in  Fig.  6.  Thus,  assuming  initial  velocity  of 
1500  m/sec.,  the  exit  velocity  for  a  8  m  long  accelerator  tube  wiU  be  3500  m/sec.  and  for  32  m  long  tube  the 
exit  velocity  will  be  5500  m/sec.  It  was  shown  in  Ref  12,  using  an  energy  balance  analysis,  that  it  is  possible 
to  reach  in  the  EPA  a  maximum  velocity  of  about  6  times  the  detonation  velocity  of  the  mixtiue  used  in  the 
tube.  Therefore,  using  mixtures  with  detonation  speeds  of  2,500  m/sec.  and  up  to  3,000  m/sec.  enable  the 
utilization  of  the  EPA  to  reach  about  18,000  m/sec.,  well  beyond  escape  velocity  from  earth.  This  may  be  a 
very  promising  method  to  obtain  a  “sin^e  stage  to  orbit”  mission. 

The  ffiameter  of  the  acceleration  section  is  about  1  m  for  a  25  cm  diameter  projectile/missile  and  40  cm.  for  a 
10  cm.  diameter  projectile/missile,  or  smaller  or  larger  for  smaller  or  larger  projectile/missiles. 

B.  Aerodynamic  design  of  the  EPA  projectile. 

After  being  stripped  firom  its  sabot  and  upon  entering  the  acceleration  tube  section  the  projectile  flies  fi'eely  in 
the  gas  mixture  which  is  in  the  tube.  The  projectile  is  aimed  to  pierce  the  entrance  diaphragm  near  its  center 
and  should  fly  near  the  tube  center.  Therefore,  the  projectile  is  designed  to  be  aerodynamically  stable,  both 
statically  and  (tynamically.  In  order  to  insure  stability  over  the  range  of  flight  Mach  numbers  the  basic 
configuration  needed  for  external  propulsion,  i.e.  the  cone,  forward  feeing  step  -  cylindrical  with  boattail  aft 
section,  is  fitted  with  small  elongated  fins  at  the  end  of  the  boattail  section.  At  first,  a  design  with  fins  with  a 
span  equal  to  the  maxiTnnm  bo(fy  diameter  is  investigated.  'This  configuration  with  6  fins  is  shown  in  Fig.  7. 
In  order  to  stabilize  the  fli^t  trajectory  in  the  center  of  the  tube  the  possibility  of  imparting  a  slow  spin  by 
r.anting  the  fins  is  also  tested.  In  Fig.  7  the  fins  are  canted  to  3°  to  the  model  axis  while  the  tail  with  parallel 
fins  is  also  shown.  The  aero^mamic  coefficients  are  measured  in  the  supersonic  wind  tunnel  of  the 
Aerodynamic  Laboratory  in  the  Technion.  The  aerodynamic  coefficients  are  measured  at  M  =  3.4  and  these 
values  are  extrapolated  to  the  hypersonic  flight  Mach  number  using  slender  body  analysis  methods. 
Preliminary  wind  tunnel  results  indicate  that  the  aerodynamic  center  of  the  6  fins  configuration  is  positioned 
so  as  to  obtain  some  stability  margin  for  the  positions  of  the  center  of  gravity  of  the  projectile.  In  order  to 
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ascertain  larger  stability  margin  larger  span  trapezoidal  fins  are  used  in  a  new  design  shown  in  Fig.  8.  This 
configuration  is  also  tested  in  the  wind  tunnel  at  Mach  number  3,4  for  the  determination  of  the  aerodynamic 
coefficients.  The  aerodynamic  coefficients  evaluated  firom  the  wind  tunnel  results  are  used  to  evaluate  the 
flight  trajectory  by  a  six  degrees  of  freedom  program.  This  work  is  currently  underway  and  will  be  included 
in  fixture  report.  In  parallel,  a  firing  test  is  being  planed  using  the  Ram  Accelerator  facility  at  the  Army 
Research  Laboratories  of  the  US  Army  at  Aberdeen  Proving  Grounds  in  Maryland,  USA. 

Following  this  investigation  on  the  aerodynamic  stabilization  and  flight  trajectory  it  is  planned  to  stucfy  the 
heat  transfer  rates  to  the  projectile  surfaces  and  determine  a  practical  method  for  thermal  protection  at  the 
hypersonic  speeds  that  can  be  achieved  by  projectiles  in  the  EPA. 

C.  Evaluation  of  the  combustion  characteristics  on  the  projectile  using  the  ARL  Navier-Stokes  program. 

The  performance  characteristics  of  the  projectile  flight  in  the  accelerator  tube  is  evaluated  by  the  use  of  the 
computer  code  which  is  based  on  the  solution  of  the  Navier-Stokes  equations  for  flows  with  chemical 
processes.  This  computer  code  was  developed  for  the  Ram  Accelerator  calculations  at  ARL  by  Nusca  (Refs. 
16,  17).  This  program  uses  the  Rockwell  Science  Center  USA-RG  (Unified  Solution  Algorithm  Real  Gas) 
code  written  by  Chakravarthy  et  al  (Refs.  18,  19).  This  CFD  code  includes  the  full  3D  unsteady  Reynolds- 
Averaged  Navier-Stokes  (RANS)  equations  including  equations  for  chemical  kinetics  (finite-rate  and 
equilibrium).  These  equations  are  cast  in  conservation  form  and  converted  to  algebraic  equations  using 
upwind  finite-difference  and  finite-volume  formulations.  The  equations  are  solved  using  a  second-order  TVD 
(total  variation  diminishing)  scheme  which  is  used  to  insure  non-oscillatory  numerical  behavior.  The  flow 
field  with  the  combustion  generated  by  the  forward  facing  step  is  presented  in  Fig.  9  and  for  the  model  with 
the  ring  wing  in  Fig.  10.  Following  these  calculations,  test  runs  of  the  forward  facing  step  configurations  and 
the  ring  wing  projectiles  are  being  plaimed  in  the  ARL  Ram  Accelerator  facility  (Refs.  20,  21)  using 
subcahber  models. 

D,  Evaluation  of  the  combustion  characteristics  on  the  projectile  using  the  Technion  Navier-Stokes  program. 

A  new  computer  code  developed  at  the  Department  of  Aerospace  Engineering  at  the  Technion  is  used  for  the 
evaluation  of  the  combustion  characteristics  on  the  flying  projectile  in  the  EPA  into  a  hydrogen-oxygen- 
nitrogen  mixture.  The  computer  code  is  a  solution  of  the  axisymmetric  laminar  Thin  Layer  Navier  Stokes 
equations  including  chemical  reactions  presented  in  Ref.  22.  The  program  uses  an  explicit  TVD  scheme  and 
the  chemical  reaction  is  modeled  using  7  species  and  8  reactions  for  the  H2  +  O2  +  N2  mixture.  The  validation 
of  the  computer  code  is  done  by- the  calculations  of  the  reacting  flow  on  a  hemispherical  body,  shown  in  Fig. 
11.  The  shock  capturing  capability  is  well  demonstrated  in  the  pressure  distribution  calculations  presented  in 
Fig.  12.  The  pressure  distribution  on  the  hemisphere  at  Mach  number  4.18  for  non  reacting  flow  is  shown  in 
Fig.  12a,  The  pressure  distributions  at  Mach  number  5.08  without  and  with  chemical  reactions  are  shown  in 
Figs.  12b  and  12c,  respectively.  The  shock  wave  moves  closer  to  the  body  as  the  Mach  number  increase  from 
4.18  to  5.08  (comparing  Figs.  12a  and  12b)  while  the  chemical  reactions  cause  the  shock  wave  detachment 
distance  to  increase  as  seen  from  figs.  12b  and  12c.  The  establishment  of  a  reaction  front  behind  the  detached 
shock  wave  is  seen  in  the  temperature  distribution  results  shown  in  Fig.  13b.  No  reaction  front  is  seen  in  the 
non  reacting  case  presented  in  Fig.  13a.  The  delay  due  to  the  induction  time  is  clearly  seen  in  the  water 
content  calculation  presented  in  Fig.  13.c.  This  can  be  compared  with  experimental  photograph  obtained  by 
Lehr  for  the  hemisphere-cylinder  model  fired  into  H2  +  O2  +  N2  mixture.  The  calculated  results  show  that 
there  is  good  agreement  in  the  detachment  distance  near  the  stagnation  point  with  the  experimental  data  but 
the  induction  length  is  much  longer  in  the  experimental  measmement  The  numerical  code  is  then  applied  to 
the  conical  projectile  shown  in  Fig.  14,  including  the  grid  structure  aroimd  the  projectile.  The  projectile  has  a 
10®  half  angle  nose  cone,  then  a  70®  conical  ramp  followed  by  a  short  cylindrical  section  and  a  5®  boattail  cone 
ending  in  a  blunt  base.  The  pressure  distribution  for  non  reacting  flow  at  Mach  numbers  6,  8  and  10  are 
shown  in  Fig.  15  where  the  detached  shock  wave  ahead  of  the  ramp  is  seen.  The  flow  vrith  chemical  reaction 
is  shown  in  Fig,  16,  where  the  bottom  figure  presents  the  temperature  distribution  for  non  reacting  flow  at 
Mach  number  8,  while  the  temperature  distribution  for  the  flow  with  chemical  reaction  is  shown  in  the 
middle  figure.  There  the  detach^  shock  wave  ignites  the  mixture  becoming  a  detonation  front  followed  by 
the  contact  surface  separating  the  combustion  region  from  the  non  reacting  flow.  The  confinement  of  this 
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reaction  region  is  clearly  indicated  in  the  water  content  distribution  presented  in  the  upper  figure.  An 
ftxpfirimeTital  verification  of  such  flow  structure  on  a  30°  half  cone  with  a  90°  step  obtained  by  Lehr  (Ref.  23) 
is  presented  in  Fig.  17. 

USE  OF  TEE  EXTERNAL  PROPULSION  ACCELERATOR  AS  TEST  FACELITIES 
A  HYPERSONIC  FLIGHT  RANGE 

The  External  Propulsion  Accelerator  (EPA)  can  be  used  as  the  launcher  of  aerocfynamic  models  to  hypersonic 
speeds  in  a  ground  test  fecility.  The  models,  encased  in  a  properly  designed  sabot,  are  accelerated  in  the  EPA 
to  the  desired  hypersonic  ^eed  and  fired  into  an  instrumented  ballistic  range.  The  EPA  is  theoretically 
capable  to  launch  projectiles  to  velocities  of  up  to  6  times  the  detonation  velocity  of  the  fuel-oxidizer  mixture, 
in  the  order  of  12,000  m/sec  to  18,000m/sec,  so  that  it  is  well  suited  to  be  a  launcher  for  the  hypersonic 
ballistic  range.  The  firee  flight  range  technology  seems  to  enable  the  best  simulation  of  atmospheric  free  flight 
conditions  in  a  ground  based  feicility.  The  range  concept  is  most  suitable  since  it  uses  quiescent  arbitrary  gas 
in  its  test  sections  in  which  the  model  flies  at  the  design  hypersonic  speed.  While  in  other  test  facilities,  such 
as  the  various  ^es  of  shock  tunnels  and  gun  tunnels,  it  is  required  to  compress  and  heat  the  test  gas  to  high 
stagnation  temperatures  and  pressures  followed  by  a  rapid  expansion  in  high  Mach  number  nozzles.  So  that 
in  such  &cihties  the  simulation  is  distorted  by  the  effects  of  dissociation  and  ionization  of  the  gas  in  the 
shock  tunnel  stagnation  chamber  as  well  as  disturbances  due  to  nozzle  flow  non-uniformities,  effects  of 
boundary  layer  disturbances,  etc.  The  test  range  can  be  divided  into  sections  separated  by  diaphragms, 
enabling  simulation  of  flight  at  various  pressure  altitudes  in  a  single  shot.  Therefore,  such  a  hypersonic  range 
with  the  EPA  launcher  can  be  an  excellent  tool  for  hypersonic  aircraft  research  and  development. 

The  requirements  for  a  h3q)ersonic  ground  based  flight  test  range  and  the  feasibility  of  the  use  of  light-gas 
gun  launcher  was  discussed  by  Witcofeki  et  al  (Ref.  22).  In  this  study  the  use  of  an  Electromagnetic  launcher 
(EML)  and  of  the  Ram  Accelerator  (RA)  where  also  considered.  It  was  concluded  that  with  the  present  state 
of  technology  the  most  suitable  candidate  is  the  two-stage  light-gas  gun  which  can  be  made  to  launch  models 
of  about  20  cm.  span  and  length  of  up  to  90  cm.  to  speeds  of  up  to  6  km/sec.  It  was  contemplated,  that  at  a 
later  stage,  using  more  advanced  launcher  technology,  the  models  can  be  increased  to  30  cm  to  45  cm  in  span 
and  the  velocity  range  will  be  increased  to  10  km/sec  to  15  km/sec. 

THE  TEST  FACILITY 

In  this  application,  the  hypersonic  testing  facility  is  basically  similar  to  the  AHAF  concept  presented  in  Ref 
24.  The  fecilily  will  be  comprised  from:  1.  The  Accelerator  section.  2.  Sabot  separation  section.  3.  Ballistic 
Range  for  aerodynamic  models  free  flight  testing.  4.  Decelerator  section  for  model  retrieval.  An  artist  view  of 
such  facility,  reproduced  from  Ref.  24,  is  shown  in  Fig.  18. 

1.  The  Accelerator  Section 

The  accelerator  is  comprised  of  two  parts,  an  initial  accelerator  for  accelerating  the  model  with  its  sabot  to 
the  required  insertion  speed  of  1,400  to  1,800  m/sec.  (  Mach  number  between  5  to  6.6)  and  the  External 
Propulsion  launcher  tube  which  will  accelerate  the  projectile,  in  which  the  model  is  inserted,  into  the  test 
range.  The  flight  Mach  Number  in  the  ballistic  range  can  be  then  set  to  the  required  hypersonic  speed  with 
the  possibility  of  reaching  M  =  30.  The  type  of  initial  accelerator  and  the  length  of  the  External  Propulsion 
T  aiinrhftr  depend  on  the  allowable  acceleration  for  the  model  Simple  aerodynamic  shapes  used  for 
hypersonic  flight  such  as  blimt  reentry  bodies,  slender  shuttle  type  configurations  and  wave  riders  with 
hardened  on  board  instrumentation  can  be  built  to  operate  up  to  50,000  g’s  acceleration  level.  In  this  case,  a 
gun  powder  launcher  can  be  used  for  the  initial  acceleration  and  the  acceleration  level  of  the  External 
Propulsion  launcher  can  be  adjusted  to  the  desired  level.  The  gun  launcher  will  require  lengths  of  5  to  20 
meters.  This  section  will  be  followed  by  the  External  Propulsion  launcher.  The  lengths  of  the  EPA  section 
will  depend  on  the  achievable  and  allowable  acceleration  levels.  Using  the  level  of  50,000  g’s,  the  required 
lengths  of  the  EPA  (Fig.  6)  will  be  about  2  meters  for  M  =  7  testing,  8  meters  for  M  =  11  testing,  about  18 
meters  for  M  =  15  testing  and  for  Mach  number  30  testing  a  launcher  length  of  about  120  meters  will  be 
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required.  Using  the  conservative  evaluation  for  the  thrust  coefiScient,  F/pA  =  3,  the  thrust  generated  on  a  25 
cm  diameter  projectile  is  nearly  300,000  Kg.  for  initial  pressure  of  50  atm.  The  projectile  weight,  including 
the  model  and  sabot,  is  then  about  58  Kg.  for  the  50,000  g’s  acceleration.  This  weight  can  be  doubled  if  the 
initial  pressure  is  increased  to  100  atm.  enabling  robust  structure  for  the  model  and  sabot  as  well  as  for  the 
onboard  instrumentation.  The  initial  accelerator  as  well  as  the  EP A  can  be  ‘fcushioned”  for  lower  acceleration 
levels.  The  length  of  this  launcher  varies  inversely  as  the  acceleration  levels,  i.e.  lower  acceleration  will 
require  the  correspondingly  longer  launcher  lengths. 

The  External  Propulsion  launcher  diameter  should  be  about  4  times  the  model  maximum  diameter  or  span. 
Therefore,  a  launcher  of  Im  diameter  will  enable  launching  of  models  of  25  cm.  span  encased  in  a  projectile 
of  comparable  diameter.  The  launcher  tube  diameter  can  be  reduced  to  40  cm  for  10  cm  projectile  diameter. 
Of  course  larger  models  can  be  considered  with  increase  in  the  diameter  of  the  accelerator. 

2.  Blast  Chamber  and  Sabot  Separation  Section. 

The  blast  of  the  combusting  gas  mixture  as  well  as  the  blast  of  the  gun  for  the  initial  acceleration  follow  the 
projectile  and  should  be  retained  in  a  blast  chamber  at  the  exiLof  the  launching  tube.  This  chamber  is 
followed  by  the  sabot-model  separating  section,  as  shown  in  Fig.  /cT 

Since  the  projectile  shape  required  for  the  initial  accelerator  and  for  the  External  Propulsion  Accelerator 
should  be  of  a  specified  axi-symmetric  shape  the  aerodynamic  model  must  be  encased  in  a  sabot.  The  outside 
shape  of  this  sabot  should  be  in  accordance  with  the  External  Propulsion  projectile  design  while  supporting 
the  model  to  withstand  the  acceleration  levels.  Upon  exit  firom  the  accelerator  launcher  the  sabot  should  be 
separated  either  mechanically  or  by  special  mechmiism  which  will  be  initiated  at  the  exit  of  the  launcher  and 
the  sabot  parts  should  be  retained  in  this  separation  section  while  the  firee  model  flies  into  the  test  range. 

3.  Ballistic  Range  Section. 

The  firee  model  can  now  fly  in  the  instrumented  ballistic  range  where  its  instantaneous  trajectoiy  positions 
and  attitudes  can  be  photographed  and  measured.  Further  offboard  instrumentation  may  include  optical 
instrumentation  for  measurements  of  the  vibrational,  translational  and  electron  temperatures  and 
interferometric  photographs  for  measurements  of  density  profiles.  In  addition  various  onboard 
instrumentation  can  be  installed  in  the  model,  such  as  wall  temperatures  and  pressures,  accelerometers  for 
model  acceleration,  strain  gages  for  loads  and  stresses,  and  these  can  be  monitored  by  telemetering  ^stem.  If 
we  consider  models  of  10  cm  to  25  cm  in  diameter  or  span,  such  models  are  sufficiently  large  to  include  most 
details  of  the  aerodynamic  design,  including  deflected  control  surfeces  and/or  small  control  jets  actuated  by 
small  rockets  or  gas  supply. 

The  ballistic  range  can  either  be  an  atmospheric  range  or  be  enclosed  in  a  large  tube  enabling  controlled 
atmosphere  for  simulation  of  pressure-altitude  effects  and  also  atmospheric  composition  of  other  planets.  The 
enclosed  test  range  in  a  large  tube  can  be  divided  into  sections  separated  by  diaphragms,  enabling  simulation 
of  flight  at  various  pressure  altitudes  and/or  various  gases  m  a  single  shot 

4.  Deceleration  Section. 

The  energy  imparted  to  the  model  traveling  at  Mach  6  to  30  is  very  large  and  must  be  absorbed  in  order  to 
stop  the  model.  For  simple  models,  the  models  can  be  expandable  and  a  conventional  ‘batcher”  can  be  used. 
For  more  sophisticated  and  expansive  models  there  may  be  some  possibilities  of  some  energy  absorbing 
methods  for  arresting  the  models,  at  least  in  the  lower  hypersonic  speed  range. 

B.  THE  HYPERSONIC  SCRAMJET  TEST  FACILITY 

The  combustion-detonation  phenomena  in  a  scramjet  engine  as  well  as  in  an  Oblique  Detonation  Wave 
Engine  can  be  studied  in  the  External  Propulsion  Accelerator.  This  facility  provides  the  means  to  investigate 
the  combustion-detonation  process  independently  firom  the  fuel  mixing  process.  In  this  case,  a  projectile 
simulates  the  engine  geometry  and  the  combustion  of  the  premixed  fuel/oxidizer  mixture  is  initiated  in  the 
model  flying  in  the  External  Propulsion  Accelerator.  The  scramjet  combustion  also  provides  net  thrust  for  the 
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model  flight  in  the  Accelerator.  Thus,  this  fecility  enables  testing  of  the  combustion  characteristics  as 
function  of  inlet,  combustor  and  nozzle  geometry,  fiiel/oxygen  chemical  parameters  and  fli^t  velocity.  The 
effects  of  various  foel/oxidizer  mixtures  can  be  studied  by  including  sections  separated  by  diaphragms  in  the 
accelerator  tube.  These  sections  can  be  filled  with  various  mixtures  to  different  mitial  pressures,  so  that 
effects  of  various  pressure  levels  can  also  be  simulated  in  this  fecility. 

The  scr^jet  model  will  be  composed  of  a  shallow  sharp  nosed  cone  acting  as  the  scramjet  inlet,  a  mg  wing 
cimiilaring  the  cowling  of  the  scramjet  around  a  cylindrical  center  body  and  a  conical  afterbody  simulating 
the  scramjet  exhaust  Combustion  is  generated  behind  the  shock  wave  established  in  front  of  the  wedge  shape 
lip  of  the  ring  wing.  The  flow  field  is  illustrated  in  Fig.  9.  The  scramjet  combustion  in  this  configuration  will 
produce  high  temperature  high  pressure  combustion  products  resulting  in  significant  net  positive  thrust. 

THE  SCRAMJET  TEST  FACILITY 

In  this  application,  the  hypersonic  scramjet  testing  fecility  will  be  comprised  from:  1.  The  External 
Propulsion  Accelerator  section.  2.  Transparent  test  section.  3.  Deccelerator  section  for  model  retrieval. 

1.  The  External  Propulsion  Accelerator  Section 

The  tests  are  conducted  in  a  regular  External  Propulsion  Accelerator  using  a  specially  designed  model  for  the 
scramjet  simulation.  The  model  with  its  sabot  are  accelerated  by  a  gun  powder  charge  to  the  required 
insertion  speed  of  1,000  up  to  1,900  m/sec.  (  Mach  number  between  3  to  5).  In  a  simple  configuration  the 
projectile  bo<ty  will  simulate  the  engine  centerbody  and  a  properly  shaped  ring  wing  around  this  centerbody 
will  represent  the  engine  cowling.  The  shapes  of  the  engine  intake  and  the  shape  of  the  combustion  region 
inside  the  engine  can  be  also  simulated  by  this  model.  Combustion-detonation  will  be  initiated  by  the  shock 
waves  generated  at  the  intake  to  the  ring  wing  and  it  will  cause  combustion  in  the  space  between  the 
centerbody  and  the  ring-cowling.  The  flow  will  be  then  expanded  on  the  aft-body  of  the  model,  simulating  the 
pngins  exhaust  and  nozzle  flow  characteristics.  The  operation  of  the  scramjet  will  produce  net  thrust  for  the 
acceleration  of  the  model.  Therefore,  measurements  of  the  model  acceleration-deceleration  will  enable  the 
evaluation  of  the  thrust  obtained  by  this  scramjet  engine  as  a  function  of  model  velocity.  More  sophisticated 
measurements  can  be  obtained  using  on-board  instrumentation  with  telemetering.  Models  with  hardened  on¬ 
board  instrumentation  can  be  built  to  operate  up  to  50,000  g’s  acceleration  level.  The  acceleration  level  m  the 
projectile  will  depend  on  the  thrust  generated  by  the  scramjet  Since  the  gas  mixtures  can  be  varied  in  tiie 
accelerator,  this  will  be  a  method  to  study  the  effects  of  various  chemical  fuel  compounds  on  the  combustion 
and  the  th^t  generation.  Such  studies  can  be  made  when  the  accelerator  tube  is  divided  into  a  number  of 
sections  separated  by  diaphragms.  Each  section  of  the  accelerator  tube  can  be  filled  with  a  certm 
fuel/oxidizer  mixture  at  various  initial  pressures.  So  that  in  a  single  experiment  the  combustion 
characteristics  of  flight  in  various  mixtures  at  specified  initial  pressures  can  be  studied  These  test  sections  can 
be  positioned  at  the  end  of  the  basic  accelerator  tube  in  which  the  projectile  is  accelerated  to  the  desired 
velocity. 

The  length  of  the  fecility  will  be  determined  by  the  acceleration  of  the  model  and  the  speed  range  for  the 
tests.  For  the  External  Propulsion  launcher  at  50,000  g’s,  the  required  lengths  of  the  EPA  (Fig.  6)  wUl  be 
about  2  meters  for  M  =  7  testing,  8  meters  for  M  =  11  testing,  about  18  meters  for  M  =  15  testing  and  for 
Mach  number  30  testing  a  launcher  length  of  about  120  meters  will  be  required.  More  sophisticated  models 
requiring  lower  values  of  acceleration  can  be  used  by  proper  modifications  to  the  laimcher.  Lower  initial^ 
accelerations  can  be  achieved  by  iititial  acceleration  of  either  a  Ram  Accelerator  stage  initiated  by  a  sm^ 
light  gas  gun  or  a  email  rocket  or  the  initial  acceleration  be  achieved  directly  by  a  rocket  motor  which  will 
separate  at  the  entrance  to  the  External  Propulsion  launcher.  The  length  of  this  launcher  varies  inversely  as 
the  acceleration  levels,  i.e.  lower  acceleration  will  require  the  correspondingly  longer  lengths. 

The  External  Propulsion  launcher  diameter  should  be  about  4  times  the  model  maximum  diameter. 
Therefore,  a  iaimrh(»r  of  Im  diameter  will  enable  launching  of  models  of  25  cm.  diameter  and  the  launcher 
tube  diameter  can  be  reduced  to  40  cm  for  10  cm  models.  Of  course  larger  models  can  be  considered  with 
increase  in  size  of  the  facility. 
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2.  Transparent  Test  Section. 

The  possibility  of  including  a  transparent  section  into  the  Ram  Accelerator  fecility  was  studied  at  ARL  by 
Kruc2ynski  et  al.  Ot^ef.  15).  Such  a  transparent  section  at  the  end  of  the  launcher  tube  will  enable  flow 
visualization  photographs  on  the  model,  particularly,  at  the  intake  and  exhaust  regions. 

3.  Deceleration  Sectioa 

The  energy  imparted  to  the  model  traveling  at  Mach  6  to  15  is  very  large  and  must  be  absorbed  in  order  to 
stop  the  model.  For  simple  models,  the  models  can  be  expandable  and  a  conventional  ‘batcher”  can  be  used. 
For  more  sophisticated  and  expansive  models  there  may  be  some  possibilities  of  some  energy  absorbing 
methods  for  arresting  the  models,  at  least  in  the  lower  hypersonic  speed  range. 

SINGI£  STAGE  TO  ORBIT  LAUNCHER 

The  ability  of  the  EPA  to  accelerate  missile-projectile  to  velocity  of  up  to  6  times  the  detonation  velocity  of 
the  mixture  means  that  the  EPA  can  launch  payloads  into  space.  Allowing  acceleration  level  of  50,000  g’s 
will  enable  reaching  velocities  of  above  10  km/sec.  with  a  200  m  long  launcher  tube,  as  seen  in  Fig.  6.  This 
velocity  is  well  beyond  the  escape  velocity  from  earth  into  space.  Therefore  tbe  missile-projectile  payload  can 
be  fired  into  space  directly  as  a  single  stage  to  orbit  payload  shot  Actually,  the  EPA  propulsion  system  and 
all  the  fuel  required  for  the  launch  are  left  on  the  ground  and  only  the  missile  carrying  the  payload  is  fired 
into  space. 

SUMMARY  AND  CONCLUSIONS 

The  two  methods  for  in-tube  chemical  accelerators  utilizing  premixed  gaseous  detonative  mixtures;  the  Ram 
Accelerator  (RA)  and  the  External  Propulsion  Accelerator  (EPA)  are  examined  using  an  energy  balance 
analysis.  It  is  shown  that  the  maximum  velocity  of  the  projectile  in  the  RA  is  limited,  due  to  the  high  drag 
caused  by  the  choking,  to  about  1.3  the  detonation  velocity  while  the  maximum  velocity  of  the  projectile  in 
the  EPA  can  reach  up  to  6  times  the  detonation  velocity. 

The  results  of  numerical  simulation  of  the  flow  over  projectile  configurations  using  a  Navier-Stokes  code  with 
chemical  reactions  show  that  combustion  can  be  generated  by  a  small  step  on  the  shoulder  of  the  projectile. 
These  calculations  indicate  that  positive  thrust  is  obtained. 

It  is  shown  that  the  projectile  can  be  stabilized  aerodynamically  by  6  small  fins  which  can  be  canted  to  impart 
roll  to  the  flying  projectile. 

The  applications  of  the  EPA  to  ground  test  fecilities  such  as  a  launcher  for  a  hypersonic  flight  range  and  as  a 
facility  for  combustion  research  in  scramjet  engines  are  discussed. 
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Figure  2.  The  External  Propulsion  Accelerator 
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Figure  3  a.  Results  of  variable  nitrogen  experiments 
plotted  as  thermally  choked  heat  release  vs.  flight  Mach 
number  (from  Ref.  14) 
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Figure  3b.  Results  of  variable  methane  experiments 
plotted  as  thermally  choked  heat  release  vs.  flight  Mach 
number  (from  Ref.  14) 
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Figwe  8.  An  Ext  iri  la  l  [^repulsion  Accelerator  projectile 
with  a  1  mm  step  liind  a  tail  of  6  trapezoidal  fins  with 
5 1.6  mm  span. 
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chemical  reactions  in  the  EPA. 


Ring  Configuration  -  Non-Reacting 

Flow  Condtions 

Gamma  =  1 .4,  Mach  =  6,  Velocity  =  2083  m/sec 


Figure  10.  The  temperature  ratio  distribution  around 
the  ring  wing  model  for  Mach  number  6  flow  without 
chemical  reactions  in  the  EPA. 
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Figure  11.  Schematic  of  the  grid  structure  (left)  and 
validation  of  grid  density  (right)  for  reacting  flow 
calculations  on  a  hemisphere  at  M  =  3. 


Figure  12.  Pressure  distribution  on  a  hemisphere  for 
non  reacting  flow  at  M  =  4.18  and  5.08  and  for  reacting 
flow  of  H2  +  O2  +  N2  mixture  at  M  =  5.08  and  initial 


and  water  content  distributions  for  reacting  flow  of  H2 
+  O2  +  N2  mixture  at  M  =  5.08'  and  initial  pressure  of  1 
atm.  (center)  and  schliren  photograph  of  sphere  shot 
into  H2  +  O2  +  N2  mixture  at  M  =  5.11  and  initial 
pressure  of  0.3  atm.  (right,  from  Lehr,  Ref  23). 


Fig.  14.  Schematic  of  the  grid  structure  over  the 
projectile  with  the  10°  half  angle  nose  cone  and  a  70° 
conical  ramp. 


o  T-kro 


Figure  15.  Pressure  distributions  for  non  reacting  flow 
over  the  projectile  at  M  =  6,  8  and  10. 


PROJECTILE  at  Mach  =  8,  H20  ,  reactive  flow 


PROJECTILE  at  Mach  =  8,  Temperature,  reactive  flow 


Figure  16.  Temperature  distribution  in  the  front  part  of 
the  projectile  for  non  reacting  flow  at  M  =  8  and 
temperature  and  water  content  distributions  for  reacting 
flow  of  Hz  +  O2  +  N2  mixture  at  M  =  8  and  initial 
pressure  of  1  atm. 


ire  17.  Schliren  photograph  of  the  now  structure 
r  a  projectile  with  15°  half  angle  nose  cone  and  a 
forward  facing  step  shot  into  H2  +  O2  +  N2  mixture 
1  =  4.92  and  initial  pressure  of  0.3  atm.(firom  Lehr, 


FEASIBILITY  STUDY  OF  JET  INTERACTION  FOR  IGNITION 
IN  CHEMICAL  ACCELERATORS 

Julius  Brandeis 
Ophir  Oettinger 

Rafael 
Haifa,  Israel 

Introduction 

This  paper  presents  analytical  and  numerical  results  in  support  of  the  accelerator  concept 
utilizing  jet  interaction  for  ignition,  proposed  earlier  by  Brandeis  [1,2].  The  main  element  of  the 
proposed  system  that  differentiates  it  from  other  published  concepts,  is  the  projectile.  The 
projectile’s  external  configuration  depends  on  various  factors  and  may  not  differ  from  other 
designs.  Within  the  projectile,  a  chamber  is  provided  for  storing  the  gas  under  high  pressure. 
The  gas  will  be  compressed  to  the  necessary  pressure  through  one  of  several  possible  means. 
This  gas  is  then  released  as  high  pressure  jets  that  by  interacting  with  the  cross-flow  give  rise  to 
curved  shocks  just  upstream  of  the  jets.  To  provide  a  continuous  shock  front,  the  discrete  jets 
must  be  distributed  circumferentially  in  a  ring  around  the  projectile  in  sufficient  number  (6  or 
more).  As  more  jets  are  used,  the  shock  curtain  assumes  a  more  regular  shape.  Moreover,  the 
nozzle  geometry  need  not  be  circular.  Rectangular  slots  facing  the  flow  with  the  wide  side 
could  be  used,  and  may  offer  the  advantage  of  more  uniform  shock  front.  During  the  gun  launch 
the  projectile  is  enclosed  within  a  protective  sabot,  which  also  serves  to  plug  the  jet  exit  ports. 
The  high  pressure  from  the  chamber  within  the  projectile  helps  to  cast  off  the  sabot,  thus 
activating  the  jets. 

The  use  of  jets  is  essentially  analogous  with  the  initiation  of  combustion  by  use  of  a  forward¬ 
facing  step,  as  proposed  by  Rom  [3].  The  accelerator  proposed  by  Rom  has  a  barrel  that  is  wide 
enough  not  to  produce  reflection  of  shock  waves  in  the  vicinity  of  the  projectile,  but  instead,  the 
detonation  wave  is  produced  by  a  shoulder  portion  in  the  form  of  a  step.  This  method  allows,  in 
essence,  a  tube-independent  propulsion  mode,  called  "external  propulsion".  In  all  ram 
accelerator  systems  presently  existing,  based  on  the  concept  first  demonstrated  by  Hertzberg  et 
al  [4],  the  accelerator  barrel  must  be  sufficiently  narrow  to  produce  the  reflected  shock  (or 
detonation)  waves.  These  may  be  called  "internal  propulsion"  accelerators. 

Hybrid  Concept:  Ignition  Through  Jet  Interaction 

The  proposed  new  hybrid  concept  for  achieving  ignition  and  propulsion  in  external  propulsion 
and  ram  accelerators  takes  advantage  of  the  shock  system  established  when  an  under  expanded 
jet  is  ejected  from  the  projectile  moving  at  high  supersonic  speeds.  The  concept  is  applicable 
to  the  external  propulsion  system  which  is  tube  independent,  as  well  as  to  the  internal 
propulsion  system.  The  jet  interaction  principle  utilized  here,  is  encountered  when  a  jet  is 
injected  into  a  supersonic  cross  flow,  see  for  example  Spaid  et  al  [5]. 

The  main  effect  of  the  jet  injection  into  a  supersonic  main  stream  is  to  produce  a  strong, 
curved  bow  shock  ahead  of  the  jet.  In  fact,  the  jet  interaction  shock  structure  and  flow  field  are 
highly  analogous  with  those  due  to  the  forward  facing  step  proposed  by  Rom  [3].  The  strong 
bow  shock  produces  sufficient  heating  and  compression  of  the  gas  to  make  combustion  or 
detonation  possible  along  a  reaction  front  that  follows  the  shock  and  the  induction  zone.  Both  of 
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these  modes  are  practical  in  the  external  and  internal  (tube  dependent)  configurations,  using  the 
proposed  jet  interaction  scheme  for  ignition.  Other  modes  of  operation,  such  as  thermally  and 
mechanically  choked  modes,  utilizing  subsonic  combustion,  are  possible  using  the  present  method  for 
the  internal  propulsion  hybrid  accelerator,  combining  the  ram  or  external  propulsion,  and  the  jet 
interaction  concepts.  For  some  combustion  modes,  the  induction  zone  may  be  significant,  while  for 
detonation  process  the  shock  is  closely  coupled  with  the  reaction  (detonation)  wave.  The  injected  gas 
jet  mixes  with  the  ambient  gas.  Within  this  region  the  mixture  may  therefore  be  made  locally  more 
energetic  by  injecting  a  volatile  fuel  such  as  hydrogen,  or  an  oxidizer,  such  as  oxygen.  The 
equivalence  ratio  is  thus  locally  altered  in  such  a  way  as  to  produce  a  more  energetic  reaction, 
allowing  the  use  of  less  than  optimal  ambient  mixture  and  consequently  alleviating  a  possible  cause 
of  "unstart". 

A  very  energetic  combination  of  gases  is  the  H2/02  mixture  with  possibility  of  diluents.  The 
injectant  gas  could  then  be  hydrogen  or  oxygen.  The  detonation  velocity  of  such  mixture  would  be 
about  3  to/s,  therefore  it  would  be  appropriate  only  at  projectile  velocities  greater  than  that,  if  the 
detonative  mode  is  to  be  used.  For  earlier  stages  of  acceleration,  a  nitrogen  delineate  would  be  used  in 
the  ambient  gas.  At  a  still  earlier  phase,  a  hydrocarbon  mixture  using  CH4  (having  detonation 
velocity  <2  to/s  in  air),  may  be  appropriate. 

The  proposed  use  of  gas  jets  for  inducing  ignition  offers  several  additional  advantages.  First,  in 
contrast  to  the  step,  it  should  not  (to  the  first  order)  affect  the  drag  of  the  projectile  because  the 
momentum  lost  by  the  outer  flow  due  to  jet  interaction  is  recovered  as  jet  flow  momentum  mmed  in 
the  direction  of  the  free  stream.  In  fact,  by  vectoring  the  nozzles  downstream,  net  thrust  may  be 
obtained.  As  such,  the  jet  may  be  the  primary  means  for  compressing  and  heating  the  gas,  which 
would  mean  that  the  method  is  less  dependent  on  the  projectile’s  bow  geometry.  Therefore,  slender 
bow  shapes  having  low  pressure  drag  can  be  utilized.  Lastly,  the  jets  could  serve  as  an  effective 
means  of  control  for  the  projectile  in  free  flight. 

Analytical  Model  and  Results. 

Several  simple  phenomenological  models  were  put  together  in  reference  1  to  establish  the 
feasibility  of  using  the  jet  interaction  for  ignition.  In  essence,  the  model  serves  to  link  the  gas  heating 
and  compression  by  the  shock  to  the  parameters  defining  the  jet  that  causes  the  shock.  The  simplest 
model  used  for  estimating  the  penetration  height  of  the  jet  is  not  sensitive  to  the  effect  of  the  gas’ 
molecular  weight.  In  reality,  a  light  gas  such  as  hydrogen  will  have  an  advantage  in  this  respect  over 
a  heavier  gas.  The  high  pressure  jet  is  assumed  to  be  sonic  at  exit.  The  shape  and  location  of  the  bow 
shock  produced  by  the  jet  are  predicted  by  using  the  blast  analogy.  The  conditions  behind  the  bow 
shock  are  calculated  using  the  shock  relations,  once  the  bow  shock  curvature  and  upstream  conditions 
are  known. 

Calculations  with  the  composite  model  were  done  to  estimate  the  variation  of  flow  parameters  such 
as  pressure,  temperature  and  density  across  the  shock  due  to  the  changes  in  the  jet  parameters  and  the 
flight  Mach  number.  In  the  present  case,  this  will  be  done  by  considering  only  the  case  where  the 
shock  and  the  reacting  flow  are  not  coupled.  The  ambient  atmosphere  considered  in  these  calculations 
is  stoichiometric  hydrogen-oxygen  mixture  at  10  atm  fill  pressure.  The  injectant  gas  is  molecular 
oxygen.  The  gain  associated  with  using  the  relatively  heavy  oxygen  is  the  smaller  required  storage 
volume.  This  in  itself  is  a  major  concern  in  any  projectile  design.  Another  consideration  affecting  the 
choice  of  the  injectant  gas  is  its  effect  on  the  reactivity  of  the  mixture.  Other  parameters  considered 
are  the  jet’s  stagnation  pressure,  mass  flow  rate  and  the  the  Mach  number  of  the  projectile. 
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Assuming  that  the  bow  shock  due  to  the  projectile  nose  heats  the  gas  to  a  considerable  extent,  the  jet 
bow  shock  needs  only  to  contribute  enough  additional  heat  to  ignite  the  mixture.  The  compression 
and  heating  ability  of  the  shock  will  decrease  uniformly  as  the  shock  wave  curves  in  the  direction  of 
the  surface.  To  facilitate  comparisons,  a  specific  value  can  be  chosen  for  the  minimum  acceptable 
heating  ratio  for  which  ignition  may  be  expected,  that  corresponds  to  a  specific  location  along  the 
shock.  This  constitutes  the  upper  bound  on  that  portion  of  the  shock  that  can  produce  ignition. 

During  the  launch  phase  the  projectile  will  be  accelerated  through  a  wide  range  of  Mach  numbers. 
This  Mach  number  variation  has  great  implication  in  the  design  of  the  projectile  and  is  therefore 
carefully  examined  in  the  next  set  of  results.  The  range  of  Mach  numbers  considered  (between  6  and 
11)  in  the  present  ambient  gas  mixture  is  representative  of  the  velocities  3000  m/s  to  6000  m/s.  The 
injectant  gas  in  the  forthcoming  example  is  oxygen,  and  the  rate  of  injection  is  1.54  kg/s. 

The  jet  penetration  height  decreases  monotonously  though  not  linearly,  with  Mach  number.  The 
reference  point,  chosen  as  an  example  of  minimum  heating  ratio  for  ignition  that  may  be  required  of 
the  jet  bow  shock,  occurs  further  out  along  the  shock  when  the  Mach  number  is  increased,  even 
though  it  corresponds  to  a  decrease  of  the  penetration  height.  Therefore,  at  a  constant  injection  rate, 
the  part  of  the  shock  wave  effective  in  inducing  reaction  increases  as  the  projectile  accelerates. 

Example  for  an  Active  Projectile 

The  method  described  in  previous  sections  is  now  applied  as  an  illustrative  example  to  a  typical 
configuration.  Only  the  projectile  characteristics  are  examined  here  and  no  performance  calculations 
will  be  attempted.  The  projectile  chosen  has  a  conical  forebody  followed  by  a  cylindrical  shoulder 
section  containing  the  jets.  It  is  assumed  that  the  projectile  dimensions  are  similar  to  those  for  the 
Army  Research  Lab  120  mm  ram  accelerator  facility  [6].  The  conical  forebody  vertex  angle  is  chosen 
according  to  need.  Larger  cone  angle  results  in  stronger  conical  shock,  thus  reducing  the  strength  of 
the  bow  shock  due  to  the  jet  (and  therefore  the  jet  strength)  that  is  required  for  ignition.  On  the  other 
hand,  for  reasons  of  drag  reduction  as  well  as  reduction  of  the  premature  ignition  risk,  it  is  desirable 
to  have  the  conical  forebody  section  as  slender  as  possible.  Therefore,  a  range  of  possible  cone  angles 
and  jet  injection  rates  will  be  exanuned  parametrically.  The  ambient,  combustible  mixture  in  the 
example  is  again  stoichiometric  hydrogen-oxygen  combination,  and  the  injectant  gas  is  oxygen.  It  is 
assumed  on  the  basis  of  published  data  that  the  ambient  gas  mixture  ignition  should  occur  within  the 
range  of  temperatures  of  1300°K  to  1500°K. 

The  amount  of  gas  necessary  is  a  function  of  many  variables.  The  system  related  variables  translate 
basically  into  the  time  the  projectile  requires  to  traverse  the  accelerator.  This  may  be  taken  as  0.01  s 
as  representative  of  accelerators  several  tens  of  meters  long.  The  storage  pressures  will  be  between 
100  and  1000  atm,  depending  on  the  ambient  fill  pressure  and  required  mass  flow.  The  stored  gas  will 
also  be  at  an  elevated  temperature  resulting  from  compression.  It  is  reasonable  that  for  the  system 
discussed  here  the  required  mass  will  be  on  the  order  of  100  gram.  The  volume  required  to  store  100 
gr.  of  oxygen  at,  say,  500  atm.  pressure  is  about  150  cc.  This  could  be  easily  acconunodated  in  a  9.15 
cm  diameter  projectile,  and  the  mass  would  be  small  compared  to  the  projectile  mass  of  4.3  kg.  The 
containment  vessel  would  probably  cause  a  greater  design  problem. 

CFD  Results 

CFD  simulations  were  carried  out  using  the  INCA  code  run  in  the  inviscid  (Euler)  mode.  These 
calculations  were  carried  out  in  non-reactive  medium  where  both  the  ambient  and  injected  gases  are 


3 


air.  The  model  projectile  discussed  in  the  previous  section  having  basic  dimensions  of  the  ARL 
projectile  [6]  was  used  in  these  calculations.  It  consists  of  10  deg.  fore-  and  aft  cones,  and  a 
cylindrical  midsection.  Axisymmetric  simulations  were  run  on  a  195x101  mesh  with  circumferential 
injection  from  a  slot  1.5  mm  wide.  Grid  independence  was  demonstrated.  The  2-D  results  obtained 
are  useful  for  parametric  study,  where  jet  pressure,  temperature  and  exit  velocity  and  ambient 
pressure  are  the  variables  investigated.  The  jet  mass  flow  rate  is  exaggerated  however,  as  the 
axisymmetric  port  area  is  an  order  of  magnitude  greater  than  the  total  area  of  the  multiple  jets  in  an 
actual  configuration.  For  this  reason  comparison  with  analytical  calculations  presented  earlier  was  not 
possible.  The  results  presented  show  clearly  that  supersonic  jets  at  high  temperature  are  preferable  in 
that  a  larger  volume  of  the  flow  is  heated  by  the  shock  to  ignition  temperature.  This  is  largely  because 
the  speed  of  sound,  and  therefore  the  exit  velocity  for  the  hot  jet  is  large,  allowing  greater  penetration 
into  the  free  stream.  The  penetration  height  is  generally  taken  as  proportional  to  the  ratio  between  jet- 
and  free  stream  momentum. 

Three-dimensional  (Euler)  CFD  simulations  are  also  presented  for  the  projectile  with  eight 
rectangular  nozzles  distributed  circumferentially.  These  nozzles  are  2.6  mm  long  in  the  axial  direction 
and  6.4  mm  long  in  the  circumferential  direction.  Only  one  quarter  of  the  configuration  was  modeled 
under  the  assumption  of  symmetry  about  the  x-y  and  x-z  planes.  The  98x26x57  grid  was  distributed 
to  assure  high  grid  density  in  the  vicinity  of  the  nozzles.  The  grid  size  was  close  to  the  maximum  for 
the  available  computational  resources,  and  no  further  grid  refinement  was  done.  Two  cases  are 
presented,  one  for  sonic  injection  and  the  other  for  Mach=2  injection,  both  with  hot,  high  pressure 
gas.  The  results  indicate  that  ignition  temperature  is  reached  within  a  semi-circular  region  projecting 
from  each  nozzle  whose  radius  is  one  third  of  the  projectile  radius.  The  region  of  ignition  and  the  gas 
flow  rate  are  roughly  comparable  to  those  calculated  analytically.  At  high  Mach  numbers,  it  appears 
that  a  larger  number  of  nozzles  will  be  needed  to  produce  a  uniform  shock  system. 

Conclusions 

The  analytical  and  numerical  results  indicate  that  jet  interaction  is  a  feasible  method  for  ignition  in 
chemical  accelerators.  The  amount  of  gas  needed  depends  on  many  factors,  but  the  analytical  and 
numerical  results  show  that  it  would  be  manageable.  The  method  may  be  more  appropriate  for 
accelerators  operating  at  lower  fill  pressures,  because  that  would  reduce  the  amount  and  pressure  of 
the  gas  stored  within  the  projectile. 
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(empirical)) 
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Lukasiewicz  (1962)  derived  the  closed  form  analytical  relations  for  the 
resulting  shock  radius,  R,  as  the  function  of  the  axial  distance,  x,  body 
diameter  (or  thickness),  z,  and  the  equivalent  body's  wave  drag 
coefficient,  CD.  For  a  blunt-nosed  cylinder  the  second  approximation 
form  is: 

{RIz)/  =0.795^(jr/  +3.15(;r/ 

CD^O.9  forthe  spherical  nose:. 


Density: 


Pressure: 


81.  (7  sin^  ^ 

(7-l)JV^sin^|S+2 

A  =1  +_^(Af  sin^iS  -1) 

A  7+1 

K  =l  I  ^  ^  (yli^  sm“i8  +1) 

T,  (7+1)"  Afsin^^  ^ 


Temperature: 
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FIG.  6  SHOCK  SHAPES  FOR  SEVERAL  INJECTION 
RATES  AT  M=6,  Poj  =  500  ATM.  02  INTO  2H2+02 
MIXTURE  AT  10  ATM  FILL  PRESSURE. 
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...AND  TO  THE  CORRESPONDING  INCREASE  IN  HEAT 
ADDED  TO  THE  FLUID  CROSSING  THE  SHOCK. 
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FIG.  7  TEMPERATURE  RATIO  ACROSS  SHOCK 
VS.  SHOCK  RADIUS  FOR  SEVERAL  INJECTION  RATES 
AT  M=6.  Poj  =  500  ATM.  02  INTO  2H2+02  MIXTURE 
AT  10  ATM  FILL  PRESSURE. 
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FIG.  JO  JET  PENETRATION  HEIGHT  AS  FUNCTION 
OF  MACH  NUMBER  FOR  THREE  INJECTION  RATES. 
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FIG  11-  SHOCK  RADIUS  FOR  TEMPERATURE  RATIO  2, 
VS.  MACH  NUMBER  FOR  THREE  INJECTION  RATES. 
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FiG.  13  MAXIMUM  TEMPERATURE  RATIO  ACROSS 
JET  BOW  SHOCK  REQUIRED  FOR  IGNITION  FOR 
CONES  OF  SEVERAL  HALF-ANGLES 
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MAXIMUM  TEMPERATURE  RATIO  ACROSS  JET 
BOW  SHOCK  REQUIRED  FOR  IGNITION  FOR 
TWO  CONE  HALF-ANGLES  OVERLAID  ON  THE 
SHOCK  TEMPERATURE  RATIO  PLOTS  FOR  VARIOUS 
MACH  NUMBERS.  INJECTION  RATE  IS  1.54  KG/S. 
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ABSTRACT 

One  of  the  new  types  of  internal  combustion  engines  is  an 
electrochemical  pulse  jet.  The  new  scheme  of  the  thrust  creation 
includes  electrodischarge  in  combustion  chamber,  when  flame 
front  passes  special  electrodes.  The  ring-type  discharge  is 
recommended  to  create  converging  shook  in  combustion  mixture, 
which  leads  to  a  fast  burning  process  with  detonation  stage.  The 
reflection  in  central  part  of  the  chamber  and  interaction  of  the 
shocks  with  walls  lead  to  fast  complete  mixt^Ire  burning  during  a 
pulse.  The  analytical  estimations  of  the  converging  shocks  and 
detonation  waves  parameters  are  made.  Numerical  simulation  of 
two-dimensional  combustible  gas  flow  in  the  chamber  and  engine 
tubes  is  performed.  An  estimate  of  impulse  and  thrust  values  and 
efficiency  of  the  engine  system.  are  considered.  The  pulse 
engine  propulsion  scheme  can  be  used  for  improvement  of  ram 
accelerator  operation  in  different  modes.  Three  pulsation 
regimes  are  considered.  The  converging  shocks  and  detonation 
combustion  take  place  during  the  pulses.  Estimations  of 
trust  increments  for  the  regimes  are  presented. 


INTRODUCTION 

The  creation  of  new  types  of  internal  combustion  engines  is  of 
significant  interest  both  for  theory  and  practice.  One  of 
relatively  new  schemes  is  an  electrochemical  pulse  jet.  The 


1 

scheme  was  previously  studied  by  S-Wo^cickii.  To  produce  an 
effective  conversion  of  thermal  energy  into  mechanical  one  by 
increasing  of  compression  ratio,  electrodischarge  in  combustion 
chamber  can  be  used.  By  this  way  we  can  convert  combustion 
into  detonation  and  explosion  and  use  these  processes  to 
generate  high  pressiore,  increase  the  engine  trust  and  have  good 
efficiency  of  the  engine  system.  The  new  scheme  of  the  trust 

creation  includes  elec trodis charge  in  combustion  chamber,  when 

flame  front  passes  special  electrodes.  The  "collar"  (ring-type) 
discharge  is  recommended  to  create  converging  shook  in 
combustion  mixtime,  which  leads  to  a  fast  burning  process  with 
detonation  stage.  The  reflections  in  central  part  of  the  chamber 
and  interaction  of  the  shocks  with  walls  lead  to  a  fast 
complete  mixture  burning  during  a  pulse.  The  energy  of 
combustion  of  one  pulse  have  to  be  much  higher  than 

electrodischarge  energy.  The  analytical  estimations  of  the 
converging  shocks  and  detonation  waves  parameters  are  made. 
Numerical  stimulation  of  two-dimensional  oombiastible  gas  flow  in 
chamber  and  engine  tubes  is  performed.  The  chemical  kinetics, 
wall  friction  and  heat  losses  are  taken  into  account.  The 
Godunov’s  finite  difference  methods  was  adapted  for  the 
numerical  solution.  The  calculations  are  made  ^  for  several 
initial  data,  system  parameters  and  types  of  mixture.  The 

estimate  of  impulse  and  thrust  values  and  efficiency  of  the 
engine  system  are  considered. 

The  pulse  engine  propulsion  scheme  can  be  used  for 
improvement  of  ram  accelerator  operation  in  different 

modes.  The  three  main  pulsation  regimes  are  considered:  a)the 
electrodischarges  (or  laser  sparks )  in  the  vicinity  of  a 
projectile  base;  b )oombustible  mixture  breathing  pulse  ramjet 
engine  using  a  chamber  inside  of  the  projectile;  o)a  total 
pulsating  regime  with  discharging  in  combustion  region  behind  of 
the  projectile.  It  is  assimied  that  total  energy  of 
eleotrodischarges  is  significantly  less  than  that  of  combustion 
heat  released  during  acceleration.  The  converging  shocks  and 
detonation  combustion  take  place  during  the  pulses.  The 


estimations  of  trust  increments  for  th.e  pulsating  regimes  are 
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presented.  We  used  here  the  analytical  results  of  works  . 

The  numerical  modeling  is  based  on  equations  for 
quasi-one-dimens ional  and  two-dimensional  unsteady  flows  of  the 
combustible  gaseous  mixtures. 


GOVERNING  ^NATIONS  AND  NUMERICAL  METHODS 

Quasi-one-dimensional  Approach 

The  model  are  based  on  the  equations  for  quasi-one- 
dimensional  nonsteady  flow  of  gas  mixture  in  tube  of  variable 
cross  section.  The  combustion  processes,  the  wall  friction  and 
heat  losses  are  approximately  taken  into  accoimt.  The  following 
governing  equations  were  used. 

a) Gas  motion 

m  =  "  iip^] 

g|[puA]  =  -  ^[pu^A  +  pa]  +  p^  -  pAP 

=  -  g|[upE  +  p]a]  +  pAqj  +  pAq 

P  =  RPT.  E  =  T  5^  T§r 


b)Combustion  and  heat  releasing 

q  =  Q  Pp 


(heat  releasing  rate) 


do 

dt 


=  -  K  p  p  ezp 


f- 


(induotion  period,  0<o<1 ) 


-  P®PXexp[- 


P  J 


(burning  after  the  induction  period) 


aA6 

“ft 


+  ACX(x,t)  +  Ap^+ 


(diffusion) 


L  is  a  tube  diameter,  heat  losses,  A  =  A(s)  oross-seotion 
area,  Q  combustion  heat;  ,  E^,  K,  are  constants.  Dp  is 
turbulent  diffusion  coefficient,  a  source  of  the  matter. 


Two-dimensional  model 


The  models  are  based  on  the  equations  for  two-dimensional 
nonsteady  flow  of  gas  mixtiire  in  a  tube  of  variable 
cross-section.  The  combustion  processes,  the  walls  friction  and 
heat  losses  are  taken  into  account.  The  following  governing 
equations  were  used. 


a) Gas  motion 


da.  ^  dh  ^  do  _ 


+  f 


p  1 

rpu  p  ' 

'pv 

'pv 

pu 

,  b  = 

p+pu 

•  0  = 

puv  2 

pUVp 

pv 
le  J 

puv 

.(e+p)u^ 

p+pv 

L(e+p)vJ 

’  0 

pv 

L(e+p)vJ 

r  0 


I  p(q-t+q+aei)J 


p  =  (7-1 )p8,  8  =  c^T,  e  =  p(8+Y^/2), 


b)Combustion  and  heat  releasing 


q  = 


(heat  releasing  rate) 


g  =  -  [- 


Vi 

p  J 


(biiming) 


where  p  is  density,  p  is  pressure,  u  and  v  are  components  of 
velocity  vector  f,  8  is  internal  energy,  q^=  is  heat 
losses,  Q  combustion  heat;  m,n,  ,  Kg  are  constants,  f  is 
friction  coefficient  (fj^O  near  walls  only),  T  is  temperature. 
Tin  is  temperature  of  environment,  q^^  is  electrodischarge 
energy  and  p  is  combustion  mixture  concentration.  The  method  of 
integral  relation  and  Godunov’s  finite  difference  method  ^ 
were  used  for  numerical  solution  of  the  problems.  Nonuniform 
computing  meshes  were  iised.  A  special  procedure  was  worked  out 
to  calculate  combustion  kinetic  equation  and  find  concentration 

P. 


PROBLEMS  AND  RESULTS 

We  shall  consider  the  processes  in  an  engine  that  include 
four  essential  parts:  mixture  inlet,  combustion  chamber, 
electric  discharge,  outlet  of  combustion  products.  A  simple 
models  (problems)  for  these  operation  units  are  considered 
below. 


Problem  1 .  Combustible  Gas  Plow  in  a  Combustion  Chamber  and 

Engine  Tubes. 

1 

The  pattern  of  the  flow  in  the  combustion  chamber  is  shown 

in  Pig.1  (a,b).  Here  BM  is  combustion  mixture,  CP  product  of 
burning,  P  flam,  C^j^  the  combustion  chamber,  ED  place  of 
electrodisoharge.  Numbers  at  Pig.1  (b)  correspond  to  the  sizes 
in  mm  for  calculated  example.  The  nimierical  solution  was  made 
for  the  following  data.  Pulse  frequencies:  200Hz,  148Hz,  139Hz, 

l67Hz.  Mass  deposit  rate  of  combustion  mixture  15.4  g/s,  mean 

a 

rate  of  combustion  heat  releasing  q=  26*10  J/s,  (C2H2  and 
+  air  mixtures),  f  =  0.01,  h  =  5*10W/m^K  (q^=  h*AT),  electrical 
discharge  energy:  30J/cycle.  The  results  of  computation  are 
shown  at  the  Pigs. 2, 3.  The  Pig. 3  corresponds  to  the  propane 
case  with  mean  tempera tiore  T=2,OOOK,  pulse  frequencies  167  Hz, 
with  electric  discharges.  The  results  of  Pigs. 2, 3  were  obtained 
by  the  Godunov’s  method  for  the  one-dimensional  model. 

The  experimental  results  are  presented  in  Pig.  4  for  the 
same  chamber  configuration.  The  theoretical  results  are 
qualitatively  close  to  the  experiment. 

The  estimation  of  efficiency  showed: 

a) Mean  mechanical  thrust  of  the  engine  is  increased  by  40^  with 
the  discharge  if  relative  additional  energy  by  the  discharges 
input  is  about  23%.  Ratio  of  kinetic  energy  generated  by  the 
engine  to  the  energy  input  (thermal  energy  plus  electrical 
energy)  may  increase  to  5%  for  the  case  of  the  electrodisoharge. 
These  estimations  depend  on  the  wall  losses. 

b) As  xisual  the  point  of  operation  of  the  electrochemical 

pulseget  at  maximum  efficiency  will  not  coincide  with  the 
maximum  specific  thrust  point  (the  thrust  per  cross  section  area 
of  the  engine ) .  A  variation  of  the  operation  by 

electrodisoharge,  heat  conduction,  combustible  mixture  selection 
can  allow  us  to  set  the  engine  with  the  efficiency  close  to  that 
for  supersonic  ramjet  air-breathing  aircraft  engines. 

We  also  note  that  inlet  problems  were  studied  in 
7-9 

works. 


To  study  the  two-dimensional  flow  picture  we  considered  the 
case  of  discharge  when  electrode  situated  along  the  combustion 
chamber  axe  with  length  of  discharge  energy  release  zone  equal 
to  nAx,  where  Ax  is  computing  cell  size,  n=1 ,2  (cylindrical 
explosion).  The  discharge  energy  was  30J/cyole  (as  adopted 
above).  The  results  of  two-dimensional  unsteady  calculations 
made  by  A. Gavrilov  are  shown  in  Figs. 5, 6.  It  is  appeared  that 
after  reflection  of  detonation  wave  from  the  chamber  wall  the 
implosion  stage  of  gas  flow  begins.  The  converging  shock  at  the 
center  of  chamber  implodes  at  time  about  1 5  jlsec  after 

discharged  moment  (t=t^).  Everybody  can  see  hi^  pressure 
region  near  center  of  the  chamber.  The  complicate  flow 

arises  which  promote  to  fast  burning  of  combustible  mixture 

(propane  case).  It  leads  to  conception  of  special  t3q>e  of 
discharge  to  obtain  primary  emploing  wave,  considered  in  the 
next  section. 

The  outlet  velocity  from  the  tube  is  increased  by  20% 
comparatively  with  ordinary  discharge  stream.  The  flow  velocity 
field  inside  the  chamber  is  shown  in  Fig. 7. 

Problem  2.  New  Detonation  Pulse  Engine. 

New  variants  of  Pulse  Engine  may  be  developed  using  detonation 
process  in  the  combustion  chamber.  The  "collar"  (ring- type) 
discharge  is  recommended  to  create  converging  shook  in 
combustible  mixture  which  leads  to  a  fast  burning  process  with 
detonation  stage  (see  Fig.9).  A  cylindrical  gas  shell  with 
high  pressure  and  temperatxore  arises  during  the  discharge  of 
the  electrodes  system.  The  implosion  process  begins  and 
converging  overdriven  detonation  will  propagate  to  the  centre  of 
the  combustion  chamber  (as  in  Fig.7).  The  specific  energy  of  the 
shell  explosion  can  be  estimated  as: 

T?  -  <3.  c 

■^=<'"2lUhlrQ  • 

Here  rQ=R-h,  1  size  of  electrods  surface  along  the  tube,  h  is 


length  of  electrodes,  discharge  energy,  is  energy  released 
during  oomhustion.  The  pressure  of  initial  stage  will  be  close 
to  that  for  an  equivalent  plane  "point”  explosion  and  estimated 
by  formula: 


E*=(E^+  EQ)/2TQilro, 

^  ^  _ 

^0  (7+1  )[-1  +  (1+97a^(rQ-r  ] 

Po 


0.1  <  (1-^  )  <  0.5,  2Eq=  E*,  E  <  E* 

0 

Where  ^Ps=Ps“Po*  shock  wave  radius,  E^  combustion 

energy  in  shocked  zone  d  is  known  constant  (for  7=1.4,  7a  «#1.5) 
Eor  dependence  of  radius  r^  on  time  we  have  approximate 
relation: 


^Q-^S 
S  r^ 


0.1  <  <  0.5, 

o 


,  Bq=  1.04,  B^=0.184,  (for  7  =  1.4). 

Because  the  gas  is  combustible  mixture  we  can  take  Apg=  Pq,j,~Po 
instead  of  calculated  by  (1),  if  we  find  Pg<  Pq_j_  ^Pq.J. 
pressure  in  Chapman-Jo-uset  detonation  wave).  Near  central  parts 
of  the  combustion  chamber  shock  pressure  will  follow  asymptotic 
of  Guderley-Landau-Stanyukovitch,*'®  namely  p^  ^r^ 

(7=1.4).  See  also  graphs  in  Pig.  10,  obtained  using  numerical 

resxilts  of  paper.*’"'  After  the  reflection  the  pressure  will 

increase  in  17  times  in  the  center  vicinity. 

Then  E  >  E*  we  have  to  take  into  account  combustion 
o  ^ 


influence  on  the  flow  parameters. 

1  P 

According  to  R.Cheret  results  we  can  use  the  following 
dependences  to  find  overpressure  Ap^: 


(3) 


front  velocity,  DQ=D(rQ),  r  is 
distance  from  the  tube  center,  m=  m(7),  and  m=0.1868  (7=4/3), 

m=0.1973  (7=1.4),  ^*=2 (i‘^+l * )  ’  where  T*  is  adiabatic 

exponent  near  Ch-J  point,  G*  Grunisen  coefficient  for  the 
product  of  combustion,  aQ  sound  speed  in  the  mixture.  The 
relations  (2),  (3)  take  into  account  effects  of  both  combustion 
and  convergence. Thus  this  simple  estimation  shows  that  we 
have  in  the  problem  the  case  of  high  pressure  and  hi^ 
temperature  combustions.  The  arising  shocks  will  interact  with 
chamber  walls.  It  leads  to  very  fast  and  complete  combustion  of 
the  mixture. 

To  simulate  the  parameters  we  can  also  use  methods  and 
results  of  two-dimensional  calculations  considered  above. 

We  propose  to  use  this  new  scheme  not  only  in  internal 
engine,  but  also  for  the  body  acceleration  by  gas  motions  in 
tubes. 


D-D, 
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Where  D  is  detonation  wave 


RAM  ACCELERATOR  APPLICATION 

Pulse  Modes 


Ram  accelerator  is  a  device  for  acceleration  of  a  projectile 


to  hypersonic  velocities. The  general  scheme  of  the 
accelerator  is  given  in  Pig.  11 .  There  are  three  modes  of 
acceleration:  (a)Subsonic  combustion  ’  thermally  choked  ram 
accelerator  mode;  (b)Oblique  detonation  ram  accelerator  mode; 
(c)Superdetonative  ram  accelerator  operation. 

The  results  of  A.Hertzberg  and  his  ooworkers  (see  for 
example  show  that  the  projectile  velocity  about  3  km/c  can 
be  easy  obtain  by  the  ram  accelerator. 

According  to  our  consideration  this  type  accelerator  can  be 
supplied  by  additional  devices  which  allow  to  use  the  pulse 
engine  modes  to  increase  the  projectile  velocities. 

Let  consider  separately  three  main  types  of  operations  of 
pulse  modes: 

1  )EleGtrical  or  laser  sparks  ignition  near  the  projectile  back 
wall . 

2) Pulse  detonation  combustion  inside  of  the  projectile. 

3) Imploding  mode  using  laser  beam  pulses  of  a  ring  configuration 
or  the  belt-type  electric  discharge. 

To  study  the  new  applications  of  pulse  engine  approach  the 
developed  above  theory  can  be  used.  The  acceleration  schemes  of 
Pig. 10  and  pulse  engine  patterns  of  Pig.l  have  the  similar 
parts:  inlets,  combustion  domains  and  outlet  streams.  It  gives 
for  us  possibility  to  get  the  trust  increasing  using  combustion 
in  the  ram  acceleration  modes  together  with  detonation  pulse 
engine  methods  of  the  trust  creation 


Sparks  Ignition  near  base  of  the  projectile 


Let  we  have  electrical  discharge  across  tube  using  two 
electrode  origin  fi*om  opposite  side  of  the  accelerator  tube 
behind  projectile  (see  Pig. 1(a)).  To  find  the  arising  shook 
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pressure  we  xised  empirical  relation: 


Po 


0.24 

R? 


+ 


0.48 

JOT 


1 


(4) 


?0. 

Eq  is  specific  energy,  r^  cylindrical  shock  front  distance 
from  the  discharge  line.  Let  energy  of  a  discharge  be 

E^=30J=3*10®erg,  diameter  of  the  tube  2R=3..8om.  We  have 

Epi  =  =  7-895 An  estimation  by  formula  (4)  shows  that 

due  to  the  discharge  overpressure  on  the  basement  of  projectile 
increased  in  range  36bar^240bar  (for  initial  pressure  of  mixtiu*e 
PQ=20bar).  During  a  pulse  the  combustion  process  take  place  in 
very  short  period  because  of  hi^  mixture  pressure  and 

temperature.  The  trust  and  velocity  of  the  projectile  will  be 
increased  by  about  20%,  (for  frequency  150Hz)  and  the  lower  Pq 
the  better  trust  increment  for  the  same  electrodisoharge 

energy.  Instead  of  electric  discharge  we  can  use  laser 
explosion  near  projectile  base.  It  is  known  that  for  pQ=1bar  a 
specific  imp^iLse  of  overpressxxre  can  have  value  of 

j  if  laser  pulse  energy  is  about  E^=30J.  Eor  the 

small  projectile  (J  is  mechanical  impulse  of  pressure 

Sp  Jliju 

during  laser  pulse  action. )  Thus  using  the  laser  "explosion" 
we  also  can  improve  the  ram  accelerator  characteristic. 

Pxilse  Detonation  Combustion  Inside  of  Projectile 

Suppose  now  that  we  prepare  the  projectile  as  gas -breathing 

pulse  engine.  If  initial  pressure  is  high  (pQ-<«20bar)  and 

pressure  inside  of  the  body  p^  relatively  small  (Pj^/PQ<1 )  the 

inlet  flow  velocity  can  be  supersonic  and  bow  shock  arises  ahead 

of  fuel  stream  which  can  lead  to  combustion  and  local  detonation 

inside  the  chamber:  a  small  increment  of  the  trust  can  be 
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obtained  by  used  pulse  engine  scheme  (see  Pig.1  and  ). 
Application  of  electrical  discharge  technique  is  difficult  for 
the  small  projectile  which  is  usually  used  in  experiments.  By 
using  a  converging  profile  of  the  wall  it  is  possible  to  obtain 
high  pressure  and  high  stream  velocity  in  nozzle  outlet  (exit) 
(Pig.1 ). 


Implosions  Near  Projectile  Base 


The  implosion  by  using  ring-type  laser  beam  or  collar-type 
(belt-type)  electric  discharge  (see  Pig.7(b))  in  the  tube  near 
bottom  parts  of  the  projectile  can  lead  to  very  high  pressure  at 
the  projectile  bottom.  The  result  of  calculation  of  ring 

type  laser  beam  action  on  the  plane  surface  (projectile  bottom) 
is  shown  in  Pig.11.  It  was  foiond,  that  very  high  pressure  arose 
in  central  part  of  the  projectile  bottom.  The  significant  trust 
will  occur  during  arising  plasma  flow.  The  detonation  of  gas 
gives  near  base  high  background  pressure  P^.  Thus  we  will  have 
acceleration  effect  which  leads  to  higher  velocity  of 
projectile. 

Example:  Let  we  have  ram  acceleration  tube  diameter 

of  4om,  tube  pressiu'e  pQ=20bar,  methan-oxigen  mixture  with 

projectile  of  mass  lOOg  and  cross  section  diameter  of  base  3cm. 
The  projectile  entered  the  ram  accelerator  tube  with  velocity 
1200m/seo.  We  have  discharge  devices  each  6  meters  and  a  tube 
longer  than  18  meters.  The  energy  of  a  discharge  is  E^=100J.  We 
also  supposed  that  the  discharge  domain  is  h>‘lx2'?urQ  (a  "belt"  of 
combustion  mixture  near  wall  tube)  rQ  is  inner  radius  of  the 
belt,  h  its  thickness  and  1  its  length  along  tube,  l=4cm. 
The  arising  mean  overpressiire  due  to  the  discharge  can  be  find  by 
expression: 

E 

AP*=  (T-Dy^  ^5) 

where  Y  is  the  voliome  of  the  belt.  Using  the  results  described 

above,  Chishell  method,  analytical  approach  in  book  ^  and 

formulas  (1)-(3)  we  can  find  dependanoe  of  ovei*pressure  on  the 

distance  from  tube  center.  The  result  is  presented  in  Pig.  13- 

for  the  case  E^^=100J,  7=1.4  during  converging  process.  Because 

of  high  initial  pressure  and  low  the  energy  of  discharge  the 

Ap* 

relative  initial  overpressure  is  — — -  <1  ,  namely  for  the  example 

Pq 

we  have:  Ap^=p^-pQ=10bar,  then  Ar=0.4om,  Ap^/Pq=0.5.  Because  of 


converging  flow  the  shock  pressure  after  small  decreasing 

begins  to  grow  and  reach  near  center  the  value  hi^er  than 

500bar.  The  overdriven  detonation  waves  occurs  near  projectile 

during  reflection  process  of  the  shook.  The  reflections  of  the 

detonation  waves  from  the  tube  wall  projectile  base  and  axis  of 

symmetry  will  preserve  hi^  pressure  until  18jlsec  or  more. 

During  this  period  the  projectile  gets  pressure  impulse  of  about 

5.1 • 1 0~^bar • sec .  It  gives  possibility  to  obtain  the  velocity 

increment  of  -  10-^for  one  cycle  with  the  discharge  (for 

mass  projectile  lOOg).  It  has  to  be  noted  that  the  discharge  and 

imploding  process  does  not  influence  significantly  on  general 

picture  of  the  flow  (small  disturbance)  but  change  dramatically 

the  combustion  process  near  the  projectile  base. 

The  electrical  discharge  can  be  replaced  by  laser  pulse 

action  near  the  back  wall  of  the  projectile. 

It  is  also  known  that  the  electrical  energy  of  amount 

500KJ  and  powerful  discharges  were  'used  for  acceleration  of 
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projectile  to  velocity  of  5km/seo  and  more.  ’ 


CONCLUSION 

The  results  of  numerical  and  analytical  calculations  showed 
that  using  pulse  electrochemical  engine  conception  leads  to 
higher  trust  than  ordinary  combustion  pulse  engine.  The 
numerical  method  for  two-dimensional  flows  was  developed.  It  was 
shown  the  results  for  pulse  engine  with  detonation  stage  of 
combustion  can  be  used  for  improvement  of  ram  accelerator 
technique.  The  estimates  of  trust  and  pressure  levels  in 
internal  combustion  pulse  engine  and  accelerating  devices  were 
obtained.  The  projectile  acceleration  problem  needs  for  detail 
numerical  simulation  which  can  be  fulfilled  on  the  base  of 
developed  methods. 
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(b).  Pattern  of  flow  in  combustion  chamber  and  the 
tubes  system. 

The  model  for  experiment  and  calculation;  numbers 
are  tubes  dimension  in  mm. 
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Operation  with  discharge 

Fuel:  propane  +  air.  Frequency;  1 67  Hz,  Trust:  2.058  N. 


Pig. 4  (a).  Operation  without  electrical  discharge, 

experimental  pressure  in  centre  of  the  chamber. 


Pig. 4  (b). 


Operation  with  electrical  discharge,  experimental 
pressure  in  centre  of  the  chamber. 
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Pressure  distribution  in  the  chamber,  t^  is  discharge 
time;  r,z  cylindrical  coordinate. 
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Pig.  6.  Pressure  distribution  in  the  chamber  for  two  time 
moments  (  a)converging  stage;  b)diverging  flow  after 
implosion) . 
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ABSTRACT 

Any  collision  of  a  kilometer-size  asteroid  with  the  Earth  constitutes  a  grave  threat  to  the  whole 
of  mankind.  This  paper  reflects  an  attempt  to  build  an  economically  feasible  concept  of 
antiasteroid  defense  using  a  gasdynamic  ballistic  system  capable  of  delivering  thermonuclear 
projectiles  to  the  desired  zone  of  intercept  with  their  subsequent  detonation  resulting  from  their 
high  speed  impacts  on  the  asteroid’s  surface.  Both  the  design  of  the  gasdynamic  ballistic  system 
for  direct  injection  of  projectiles  into  Outer  Space  and  some  issues  concerning  hypervelocity 
projectile  transit  through  the  dense  atmospheric  layers  are  discussed  in  this  paper. 


INTRODUCTION 

In  recent  years  the  world  community  as  well  as  various  scientific  teams  have  evinced  a  growing 
interest  in  the  problem  of  preventing  collisions  of  huge  heavenly  bodies  (asteroids  and  comets) 
with  Earth  1  .  Such  collisions,  depending  on  the  scale  of  event,  may  lead  to  either  local 
catastrophic  demolitions  or  a  global  holocaust.  An  encounter  between  Earth  and  another 
Tunguska-size  meteorite  may  result  in  millions  of  casualties,  if  one  takes  into  account  the 
proliferation  of  hazardous  industries  nowadays.  Collision  with  a  kilometer-size  asteroid 
constitutes  a  grave  threat  to  the  whole  of  mankind.  Although  the  probability  of  an  asteroid 
collision  is  fairly  low,  the  conditional  probability  of  any  human  being  to  be  killed  during  such  a 
catastrophe  is  on  a  par  with  the  probability  of  dying  in  an  aircraft  accident  or  after  nuclear  power 
station  burst.  In  other  words,  if  we  are  not  concerned  with  this  pressing  problem  now,  we  may 
be  overtaken  by  such  an  event.  Hence,  the  threat  of  heavenly  bodies  to  Planet  Earth  as  well  as  the 
research  of  cost-effective  countermeasures  require  appropriate  consideration. 

This  paper  reflects  our  attempt  to  build  an  economically  feasible  concept  of  an  antiasteroid 
defense  on  the  basis  of  a  gasdynamic  ballistic  system  capable  of  delivering  thermonuclear 
projectiles  to  the  desired  zone  of  intercept  with  their  subsequent  detonation  resulting  from  their 
high  speed  impacts  on  the  asteroid’s  surface.  The  design  of  this  type  of  a  thermonuclear  device 
precludes  the  need  for  fissionable  materials.  Command  guidance  from  Earth  is  used  to  steer  a 
projectile  to  its  target.  The  projectile  maneuvers  by  exploiting  the  kinetic  energy  stored  in  its 
rotational  motion,  i.e.  the  projectile  spinning  aroimd  its  longitudinal  axis.  Collision  of  an  asteroid 
with  Earth  is  avoided  by  changing  the  incoming  asteroid’s  trajectory,  which  change  is  forced  by  a 
series  of  thermonuclear  detonations  on  its  surface.  In  addition,  these  explosions  disperse  and 


partially  evaporate  the  asteroid’s  body:  its  scattered  fragments  are  substantially  less  hazardous 
should  they  hit  Earth. 

The  enclosed  figures  illustrate  various  elements  of  the  antiasteroid  defense  concept  based  on 
gasdynamic  throwers.  More  detailed  analysis  of  these  issues  is  the  subject  of  another  paper 
which  is  now  being  prepared.  The  present  paper  is  aimed  at  describing  both  the  design  of  a 
gasdynamic  ballistic  system  for  the  direct  injection  of  projectiles  into  Outer  Space  as  well  as 
some  issues  concerning  hypervelocity  projectile  transit  through  the  dense  atmospheric  layers. 


THE  BALLISTIC  SYSTEM 

The  main  part  of  the  throwing  system  for  directly  launching  projectiles  into  Outer  Space  is  a 
ballistic  bore  which  consists  of  a  thick-wall  tube  pointing  to  the  sky  with  a  reloadable  liner 
inserted  into  it.  A  powder  gun  with  a  rifled  bore  is  mounted  at  the  bottom  for  projectile  injection. 
The  bore  is  attached  at  its  muzzle  to  a  pontoon  and  hangs  precisely  vertically  in  a  protective 
cylindrical  canister  which  is  also  fixed  to  the  pontoon  and  which  prevents  any  disturbances  of  the 
subsurface  ocean  flows  from  reaching  the  ballistic  bore.  The  suspension-type  design  of  the 
thrower  system  helps  to  stabilize  the  ballistic  bore  after  a  shot  thus  ensuring  a  high  linear 
accuracy.  Deployment  of  the  ballistic  system  in  the  ocean  allows  its  relocation  to  practically  any 
latitude  which,  coupled  with  the  Earth  rotation,  provides  the  capability  to  hit  any  region  of  Outer 
Space  within  1  million  kilometers  of  the  Earth.  An  ocean-based  thrower  system  has  some  other 
advantages:  (a)  the  recoil  pulse  dissipates  effectively  in  the  surroimding  waters,  (b)  the  excessive 
heat  is  easily  transferred  into  the  water,  and  (c)  the  requirements  to  reduce  the  acoustic  impact  on 
the  environment  are  not  as  stringent  in  this  case.  Evacuation  of  air  from  the  bore  is  done  with 
ejection  pumps  fed  by  compressed  air.  To  soften  the  impact  of  the  projectile  as  it  is  injected  into 
the  dense  atmosphere  and  to  avoid  its  possible  demolition,  a  smooth  increase  of  pressure  at  the 
upper  part  of  the  ballistic  bore  near  the  muzzle  is  also  provided  by  these  ejection  pumps. 

Loading  of  the  explosive  charge  is  planned  to  be  executed  from  the  muzzle  dovvii  the  bore.  First, 
pyropowder  packs  are  loaded,  and  then  the  projectile  is  lowered.  It  is  mounted  in  a  sabot  with  a 
hexagonal  driving  band  to  steer  it  along  the  rifled  gun  barrel.  This  band  makes  it  possible  to  load 
the  powder  gm  from  its  muzzle.  Then  a  distributed  layer  of  explosive  compound  is  inserted  into 
the  bore  along  its  full  length.  This  compOTmd  is  a  5-mm  thick  plasticized  PETN  sheet.  Strips  of 
this  sheet  several  centimeters  wide  are  stitched  in  a  regular  pattern  to  paper  cardboard  sheets 
with  not  less  than  1-mm  gap  (it  should  be  noticed  that  gluing  the  strips  with  adhesives  may 
substantially  alter  the  parameters  of  the  explosive  compoimd).  Then  each  cardboard  sheet  is 
rolled  into  a  tube  and  wooden  rings  are  slipped  on  it  along  its  full  length.  The  external  diameter  of 
these  rings  is  equal  to  the  internal  diameter  of  the  ballistic  bore  -with  an  allowance  made  for  the 
plastic  deformation  of  the  bore’s  walls  imder  the  shock  loads  generated  by  each  shot.  The 
sections  thus  assembled  with  an  explosive  charge  are  loaded  one  by  one  down  the  ballistic  bore. 
This  type  of  the  ballistic  tube  design  does  not  require  any  precision  metal-cutting  operations. 
Gaps  between  the  PETN  strips  prevent  axial  detonation  of  the  distributed  charge.  The  thickness 
of  the  wooden  rings  between  the  explosive  layer  and  deformable  liner  in  the  ballistic  bore  is 
selected  to  dampen  the  shock  wave  to  the  point  where  it  will  not  cause  the  mechanical 
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destruction  of  the  liner  in  which  the  rest  of  the  shock  wave  energy  is  absorbed.  The  remnants  of 
cardboard  and  wood,  if  any,  are  blown  out  of  the  ballistic  bore  with  the  powerful  gasdynamic  jet. 

A  preliminary  boost  of  the  sabot-equipped  projectile  to  a  speed  of  1.5  km/s  is  carried  out  by  a 
powder  gun  with  a  rifled  bore.  Both  the  projectile  and  its  sabot  gain  translational  and  rotational 
motion  simultaneously.  After  the  pre-boost  the  rapidly  spinning  projectile  enters  the  evacuated 
ballistic  bore  with  the  explosives  on  its  walls.  The  internal  diameter  of  the  bore  is  greater  than  the 
projectile  caliber,  hence  the  latter  proceeds  without  any  mechanical  contact  with  the  walls. 
Additional  speed  is  transferred  to  the  projectile  by  the  successive  detonation  of  the  explosive 
strips  as  the  projectile  flies  by.  As  the  detonations  begin,  the  sabot  is  discarded  and  starts  to  lag 
beWnd.  Synchronous  detonation  is  achieved  because  liquid,  stored  in  the  projectile,  is  sprayed 
out  of  the  projectile  side  wall  under  the  centrifugal  force.  Drops  of  the  liquid  hit  the  surface  of 
explosive  layers  at  a  grazing  angle  which  initiates  detonation  due  to  viscous  friction  and  shock 
compression.  At  this  time,  gaseous  products  of  detonation  expand  at  a  high  speed  towards  the 
tube  axis  and  collide  on  the  cone  aft  of  the  projectile  pushing  it  ahead.  The  translational  motion  of 
the  projectile  without  any  mechanical  contact  with  the  ballistic  bore  walls  is  accomplished  by 
gyrostabilization  of  its  attitude  and  by  the  centering  effect  in  the  bore  of  the  detonation  products 
expanding  towards  the  bore  axis.  Parameters  of  the  full-scale  ballistic  system  for  antiasteroid 
defense  are  given  in  the  figure. 

Exploratory  development  of  the  high  speed  throwing  technology  is  being  conducted  at  the 
TsNIIMASH  large-scale  ballistic  facility.  By  now  60  meters  of  the  bore  of  the  experimental  100- 
mm  ballistic  system  have  been  manufactured.  The  final  version  of  the  experimental  ballistic 
system  will  have  the  following  parameters: 


Ballistic  bore  length: 

Weight  of  the  distributed  explosive  charge: 
Projectile  caliber: 

Projectile  weight: 

Proj  ectile  muzzle  velocity : 

Pre-boost  muzzle  velocity: 

Projectile  angular  rate: 


150  m 
up  to  150  kg 
85  mm 
1.5  kg 

up  to  12  km/s 
up  to  5  km/s 
up  to  1600  rps 


Upgrades  of  the  experimental  ballistic  system  are  planned  for  the  future  to  test  an  ocean-based 
version.  In  this  case  the  length  of  the  bore  could  be  extended  to  1  km.  The  pre-boost  to  1.5  km/s 
will  be  executed  with  a  powder  pre-booster.  The  energetic  capabilities  of  the  ocean-based 
experimental  ballistic  system  will  allow  it  to  launch  into  Outer  Space  projectiles  weighing  3  to 
5  kg. 


Experiments  to  investigate  detonation  phenomena  of  the  PETN  explosive  were  carried  out  using  a 
1.5-gram  plastic  projectile  of  12.7-mm  caliber  which  was  fired  into  a  flat  PETN  specimen  fi’om  a 
two-stage  light-gas  gim  at  velocities  ranging  from  1.2  km/s  to  3  km/s  and  at  impact  angles  of  30 
and  90  degrees.  The  specimen  was  fixed  with  the  same  technology  which  is  to  be  used  in  the 
design  of  the  experimental  ballistic  system.  It  was  revealed  that  initiation  of  detonation  in  the 
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explosive  layer  occurred  throughout  the  full  velocity  range  when  the  impact  angle  equaled  30 
degrees.  On  the  other  hand,  at  the  normal  angle  of  impact,  the  explosive  did  not  detonate  even  at 
3  km/s.  This  can  possibly  be  explained  by  the  additional  heating  which  the  explosive  surface 
experiences  caused  by  the  high-speed  tangential  flow  of  the  projectile  material  along  the  specimen 
layer  in  the  30  degree  case. 

Ten  explosive  tests  were  carried  out  to  assess  the  lifetime  of  the  100-mm  bore  of  the 
experimental  ballistic  system.  A  1.8-mm  PETN  layer  was  inserted  into  the  tube  section  in 
compliance  with  the  technique  described  above.  Then  the  section  was  hermetically  sealed  from 
both  sides  with  endcaps.  The  explosive  detonation  was  initiated  with  an  electrical  detonator. 
Inner  and  outer  diameters  of  the  steel  tube  at  various  cross-sections  were  measured  before  and 
after  the  test  series.  It  was  established  experimentally  that  after  10  tests  the  inner  diameter  of  the 
tube  incremented  to  not  more  than  0.2  mm.  The  computed  efficiency  of  the  thrower  using  this 
approach  matches  the  results  published  in  Russian  joumals.23 

PROJECTILE  HYPERVELOaXY  ATMOSPHERIC  TRANSIT 

In  order  to  achieve  the  projectile’s  transit  of  the  dense  atmospheric  layers  at  13  km/s,  the  nose 
cone  taper  angle  was  selected  to  obtain  a  drag  factor  not  greater  than  \0~^.  In  this  case  the  speed 
loss  due  to  atmospheric  drag  is  not  more  than  2  km/s  assuming  that  this  drag  has  a  constant  value. 
The  sharp  taper  angle  of  the  projectile  can  be  sustained  during  the  atmospheric  transit  because 
the  projectile  is  fired  vertically  and  the  total  duration  of  this  transit  lasts  around  one  second.  This 
permits  the  active  heat  protection  design  of  the  aerodynamic  cone  of  the  projectile  to  be 
accomplished  with  intensive  coolant  depletion.  The  ballistic  cone  itself  is  manufactured  from  a 
hard  carbon-based  material,  monocrystalline  graphite,  a  modification  with  curled-up  atomic  layers 
which  form  a  macrocylinder,  was  selected  to  build  the  cone.  Ordinary  monocrystalline  graphite 
possesses  flat  atomic  layers.  The  strength  of  monocrystalline  graphite  along  the  atomic  layers  is 
enormous  (200,000  atm),  and  it  withstands  temperatures  up  to  2600  C.  It  is  true  that  graphite 
atomic  layers  have  weak  interlayer  bonds,  and  it  can  be  easily  sliced  like  mica.  However,  should 
one  manage  to  curl  the  atomic  layers  into  a  cylinder,  this  shortcoming  will  be  removed.  Because 
of  graphite  two-dimensional  crystalline  structure  when  the  stress  overcomes  the  rupture  limit 
destruction  proceeds  according  to  the  viscous  mechanism,  i.e.  some  additional  work  must  be 
expended  prior  to  rupture.  In  contrast  to  graphite,  most  of  high-strength  materials  with  three- 
dimensional  crystalline  stmcture  demonstrate  a  brittle  mechanism  of  destruction:  the  propagation 
of  a  crack  is  momentary  and  additional  energy  is  not  needed.  The  high  mechanical  strength  of 
graphite  together  with  its  moderate  density  (2.26  g/cm^)  make  it  possible  to  spin  a  projectile 
made  of  this  graphite  so  rapidly  that  the  linear  speed  at  its  periphery  can  reach  3  km/s.  At  such 
angular  rates  cone  ablation  will  proceed  axisymmetrically,  thus  decreasing  projectile  deviation 
from  the  local  vertical,  and  this  substantial  gyroscopic  moment  will  stabilize  its  motion  in  the 
atmosphere.  Another  useful  and  important  feature  of  monocrystalline  graphite  is  its  record  heat 
conductivity  along  atomic  layers  (2,000  W/m-K),  which  is  five  times  better  than  that  of  silver  at  a 
room  temperature.  The  high  heat  conductivity  provides  protection  for  the  graphite  surface 
against  overheating  and  sublimation  in  the  high-speed  air  flow.  However,  above  600  C  graphite 
readily  interacts  with  atmospheric  oxygen  and  the  design  of  the  heat  protection  means  should  be 
considered  to  block  oxygen  access  to  the  graphite  surface. 
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Graphite  oxidization  can  be  overcome  with  the  help  of  a  layer  of  atomic  lithium  over  the  cone 
surface.  The  weak  interlayer  bonds  of  graphite  permit  substantial  doping  with  lithium,  up  to  one 
lithium  atom  per  eight  carbon  atoms:  The  dopant  atoms  form  bonds  between  the  graphite’s 
atomic  layers  without  markedly  altering  graphite  crystalline  lattice  due  to  the  small  atomic  radius 
of  lithium.  Above  1500  C,  as  the  heat  wave  proceeds  in  depth,  the  lithium  interlayer  bonds 
disintegrate  violently  liberating  lithium  atoms  which  v^ll  rise  to  the  surface  through  the  intact 
graphite  crystalline  lattice  and  yield  intensive  degassing.  The  atomic  lithium  flow  provides  active 
heat  protection  of  the  surface  and  it  readily  reacts  with  atmospheric  oxygen  thus  impeding  its 
access  to  carbon  atoms  on  the  surface.  The  high  speed  of  heat  propagation  in  graphite  supports 
the  needed  level  of  lithium  degassing  per  unit  area.  The  thermal  energy  released  during  lithium 
oxidization  is  partially  absorbed  by  endothermic  disintegration  of  lithium  interlayer  bonds.  This 
is  the  approach  chosen  to  provide  heat  protection  for  the  side  surface  of  the  projectile  ballistic 
cone.  The  relatively  short  time  of  atmospheric  ascent,  the  high  heat  and  temperature  conductivity 
•  of  monocrystalline  graphite,  together  with  its  ability  to  store  large  amounts  of  lithium  make  this  a 
solid  basis  for  the  design. 

Unfortunately  lithium  doping  is  not  enough  to  protect  a  tip  of  the  cone.  Indeed,  if  a  12  km/s 
projectile  enters  the  lower  atmosphere,  which  is  known  to  have  a  density  1.23  kg/m^,  then  a 
powerful  shock  wave  originates  at  its  tip  with  a  pressure  behind  the  shock  front  of  2,000  atm  and 
the  temperature  above  15,000  K.  At  this  temperature  the  major  component  of  heat  transferred  to 
the  projectile  surface  is  in  the  near-UV.  To  protect  the  tip,  a  substantial  gas  flow  is  pumped 
through  its  outside.  This  gas  must  be  inert  with  respect  to  graphite,  have  good  absorption  of 
near-UV  radiation  and  be  cool  enough  not  to  sublimate  the  graphite.  The  use  of  the  gaseous 
products  of  some  type  of  solid  propellant  combustion  has  been  proposed.  To  implement  this,  an 
axial  cavity  is  drilled  in  the  projectile  and  filled  with  propellant  powder.  As  the  projectile  enters 
the  lower  atmosphere,  propellant  combustion  is  initiated.  The  rate  of  protective  gas  depletion  is 
an  exponential  function  of  the  shock  layer  pressure.  While  the  projectile  rises,  the  pressure 
decreases  and  combustion  slows  down.  The  initial  solid  propellant  mass  is  calculated,  with  these 
fimctions  in  mind,  to  provide  heat  protection  along  the  whole  path  of  the  projectile  in  the 
atmosphere  and  amounts  to  about  10%  of  the  total  projectile  mass. 

At  present  research  is  being  conducted  to  explore  approaches  to  synthesize  monocrystalline 
graphite.  In  particular,  a  technique  of  forced  spatial  orientation  of  its  atomic  layer  planes  has  beeii 
found.  This  technique  is  applicable  for  layer  orientation  both  in  the  process  of  graphite  crystal 
growth  and  during  high  temperature  aimealing  of  the  ready-made  crystal.  Proof-of-concept 
experiments  have  confirmed  the  feasibility  of  the  key  concept  underlying  the  technique.  In  these 
experiments  the  crystalline  planes  of  the  pyrolytic  graphite  polycrystal  have  been  aligned  to 
better  than  0.1  angular  degree  imder  the  proposed  force  factors,  the  initial  polycrystal  having  a 
misalignment  on  the  order  of  20  degrees.  Near-term  plans  include  commissioning  of  a 
technological  installation  for  graphite  monocrystal  synthesis  which  -will  be  capable  of  putting  into 
practice  controlled  growth  of  graphite  crystals  with  a  three-dimensional  order  to  their  structure. 
The  major  criterion  for  the  crystal  quality  acceptance  tests  is  the  tensile  strength  in  the  direction 
parallel  to  its  atomic  plane. 
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Exploratory  development  of  the  active  heat  protection  means  of  the  projectile  is  planned  to  be 
carried  out  at  the  TsNIIMASH  large-scale  ballistic  facility  which  after  special  upgrades  will  be 
capable  of  generating  hypersonic  flows  of  cool  air  at  Mach  numbers  between  30  to  40.  Such 
flows  are  possible  due  to  a  tenfold  radial  compression  of  an  air  vortex  which  has  an  initial  speed 
of  rotation  about  1000  m/s.  The  energetic  capabilities  of  the  facility  makes  it  possible  to  obtain 
high-speed  jets  lasting  for  up  to  100  ms  during  which  time  the  air  jet  density  decreases  from  its 
nominal  value  to  zero,  thus  providing  conditions  for  projectile  atmospheric  transit  which  simulate 
the  real  environment. 
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BALLISTIC  SYSTEM  FOR 
ANTIASTEROID  DEFENSE 


Fig.  1 

1  -  asteroid,  2  -  BALSAD  projectile,  3  -  pointing  beam,  4  -  BAJLSAD  launchers 


Principles  of  BALSAD 
functioning 


Fig.  2  1  -  asteroid,  2  -  thermonuclear  detonation,  3  -  BALSAD  projectile,  4  -  atmosphere,  5  - 
BALSAD  launcher,  6  -  ocean,  7  -  Earth 


Estimated  Parameters  of  the 
Ballistic  System  for 
Antiasteroid  Defence 


(BALSAD) 

Radius  of  sphere  for  positioning 

of  BALSAD  projectiles . about  IM  km 

Total  quantity  of  BALSAD  projectiles . up  to  10^ 


Time  for  defense  deployment . less  than  3  months 

Energetic  capability  of  a  single 

BALSAD  projectile . . . up  to  0.1  MT  TNT 

Total  energetic  capabiiity  of 

the  antiasteriod  defense  (ANASDEF)  ...up  to  10  GT  TNT 


Type  of  projectile  guidance  to  an  asteroid . active 

Usage  of  fission  and  radioactive 

materials  in  BALSAD  projectiles . avoided 

Total  quantity  of  BALSAD  launchers 

for  ANASDEF  deployment . up  to  1000 


Cost  assessment  to  build  ANASDEF . 4^-5  billion  USD 


Figure  3 


Principles  of  the  ballistic  launcher 


Fig.  5  A  -  cannon  powder  pre-boost  B  -  gascumulative  acceleration  C  -  motion  in  atmosphere 
1  -  projectile,  2  -  sabot,  3  -  launcher  barrel,  4  -  powder  combustion  products,  5  -  high  explosive, 

6  -  deformable  liner,  7  -  liquid  jet,  8  -  explosion  products,  9  -  powder  gas  jet,  10  -  cannon  powder 
charge,  11  -  shockwave,  12  -  atmosphere,  13  -  ejector  pumping-out 


Expected  Parameters  of  the 
BALSAD  Submersible 
Launcher  for  Injection  of 
Projectiles  into  Outer  Space 

Shooting  position . . . precisely  vertical 

Bore  caliber . . . 0.5  m 

Preliminary  evacuation  of  gas  from  the  bore . 0.1  torr 

Launcher  length . about  1000  m 

Launcher  weight . less  than  4000  ton 

Weight  of  distributed  explosive  charge . up  to  50  ton 

Weight  of  solid  propellant  charge . about  1  ton 

Firing  rate . . . 1  shot  per  day 

Launcher  life  cycle  (with  changeable  bore)  ..10,000  shots 
Assessed  cost  of  the  launcher . about  2M  USD 


Figure  6 


100-mm  ballistic 
gascumulative  facility 


Figure  7 


Projectile  design 


Figure  8 

1  -  projectile  body,  2  -  lead  capsule,  3  -  energy  source,  4  -  turbocumulative  accelerator,  5  -  spherical 
thermonuclear  target,  6  -  fluidblust  nozzles,  7  -  guidance  valve  assembly,  8  -  accelerating  conduit, 

9  -  consumable  working  liquid  (mercury),  10  -  working  liquid  vapor,  1 1  -  laser  beam  reflector  &  sensor, 
12  -  sabot,  13  -  protective  screw,  14  -  powder  gasgenerator 


Cylinder-Shaped  Atomic  Layer 
of  Graphite  Monocrystal 


Utmost  Rupture  Stress 

along  the  Atomic  Layer  .  .  .  up  to  20  GPa 
Density . about  2260  kg/ cu.m 


Fig.  9 


Estimated  Parameters  of 
Antiasteroid  Defence 
Projectile 


Projectile  material.  Cylindric  lattice  monocrystal  graphite 

Mass  w/ o  sabot . 300  kg 

Muzzle  velocity . . . 13  km/ s 

Atmosphere  escape  velocity . better  than  11.5  km/ s 

Aerodynamic  drag  factor . 0.01 

Overload . . . . up  to  104  g 

Angular  rate . 2000  rps 

Max  normal  velocity  component 

for  maneuvers . up  to  1  km/ s 

Consumable  mass  for  maneuvers . 100  kg 


Energy  source  density . 4  pLD2 

p  •  d  value  at  impact  with  asteroid . ~30  g/  cm2 

Initiation  temperature . ~100  KeV 

Energy  of  initiated  event . about  10  GJ 

Type  of  projectile 


guidance . external,  thru  command  channel 


Fig.  10 


